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1. CONTROL ROUTINE FOR DEPOSITION OF THE ENERGY IN
THE HIGH-ALTITUDE GRID (SUBROUTINE PROMPG)

Subroutine PROMPG, called by DRIVER, controls the deposi-
tion of the energy in the high-altitude grid (HAG). The overall procedure
is complicated, as Subroutine PROMPG directly calls 12 subroutines
which in turn call an additional 26 subroutines. The tasks performed by
Subroutine PROMPG include the following:

a. Tests whether or not the event point is above the bottom of
the grid. If it is, the program proceeds to the next task; if not, the
program returns to DRIVER after printing an appropriate message. It
may be desirable to deposit at least the Group-y and possibly the
Group-X energy for certain events below the bottom of the grid, but this

feature has not been implemented yet.

b. Calls Subroutine BOUNDY to set up the array GR(NCEL)
for the geocentric radius to the top boundary of each cell NCEL in the
HAG. Subroutine BOUNDY is different in SATHYD than in NRLHYD be-
cause the definitions of a cell boundary are different in the two versions

of the hydrodynamics.

c. Sets up the array RHOKK(NCEL) for the mass density of
each cell in the HAG by appropriately calling Subroutine ECRD to get

successive columns.

d. Changes the geographic location of the event point by a
small amount so that if the event point is inputted on a cell boundary,
as it would be if it were placed, e.g., at the origin of the quadrupole
coordinate system, the event point would be moved off the boundary to

facilitate the code's assigning the event point to the proper cell in the




grid. This movement of the event point is made by (1) converting the
geographic coordinates of the event point to quadrupole coordinates by
calling Subroutine GEOQUA, (2) multiplying the quadrupole coordinates
by the fraction 0. 999997 to obtain the new quadrupole coordinates, and
(3) converting the new quadrupole coordinates to geographic coordinates
by calling Subroutine QUAGEO.

e. Calls Subroutine INDEX to obtain the indices (IEC, JEC,
KEC) of the event cell and the vertical fractional-position parameter
(FRACB) for the event point within the event cell. Again, Subroutine
INDEX is different in SAIHYD than in NRLHYD. The event-point indices

are printed and stored in EVENTX Common as members of arrays.

f. Calls Subroutine PROPTY to obtain, print, and store in
array PP(7) the following event-point properties: mass density, mass-
density scale height, heavy-particle temperature, and magnetic-field

strength, dip angle, declination angle, and dipole colatitude.

g. Moves the event point slightly away from the center or
boundary of a cell if either of the quadrupole coordinates or the geo-
centric radius of the event point differs from that of the cell center or
boundary by less than the fraction 10-5. The new coordinate is made to

differ from the cell-center or boundary coordinate by the fraction 3 * 10~ 5.

h. Computes the geocentric cartesian coordinates (X1, Y1, Z1)
of the event point, given the quadrupole coordinates and the geocentric
radius of the event point. The Z-axis is through the quadrupole north

pole; the X-axis is through the quadrupole west pole.

i. Calls Subroutine DEBRIS which serves as the principal con-
trol routine for computing the partitioning and deposition of the Group-D
(debris) energy. Subroutine DEBRIS controls 16 subroutines, including
direct calls to Subroutines HDPART, CONSPC, LEKSPC, CHXSPC, and
BLINE.




j- Sets up the Group-U (ultraviolet) properties by (1) calling
Subroutine EUXFIT to get the energy in each of the five Subgroups L,
(2) establishing pressure efficiencies PREFF(L,I) for Subgroup-L
photons incident on Species I, and (3) establishing absorption coefficients
XMU1 of O2 for Subgroup 1 of Group U. (These latter two functions
should probably be done elsewhere.) The calculated pressure efficien-
cies follow the somewhat arbitrary assumption in FS-73 that all photo-
electron kinetic energies below 10 eV, and 0. 80 of the kinetic energy of
photpelectrons more energetic than 10 eV, are thermalized; the remain-

ing energy is discarded, as having been lost in radiative processes.

k. Computes the deposition of the Group-X (x ray), Group-U,
and Group-CHEX (charge exchange) energies by making a triple DO-1loop
over all the cells in the HAG, during which calls are made to the follow-

ing subroutines:

PLINE - Computes line integrals, with aid of Subroutines PINT and
BEDGE.
CHXDEP - Computes deposition of CHEX energy.
HPCHEM - Computes prompt chemistry due to Group-D energy
deposition.
PHEAT - Computes heating due to Group-D, -X, and -U energies.
PCHEM - Combines results of Subroutines HPCHEM with prompt

chemistry due to Groups X and U.

. Stores in array BUF those cell quantities updated in Sub-

routine PCHEM and stored in the temporary scratch area.

Figure 1 is a simplified flow chart that summarizes the func-
tions performed by Subroutine PROMPG. Figure 2 is a simplified flow
chart of the triple DO-loop within Subroutine PROMPG that loops over
all cells in the HAG.




PCit e hiy]
< HAX > HABOT RETURN
i'r
[ Call BOUNDY & ECRD to set up arravs GR & RHOKK l
Call GEOQUA to convert geographic coordinates of event point to
quadrupole coordinates. Displace quadiupole coordinates of event
point slightly to the quadrupole north-west. Call QUAGEO to convert

revised quadrupole coordinates of event point to geographic
coordinates.

Fall INDEX for event-cell indices and fractional-position parameter }

T

Y

[ Call PROPTY for event-point properties J

Y

Slightly displace event point from cell center or houndary, if necessary

Y

( Compute event-point geocentric cartesian coordinates J
Y

( Call DEBRIS for debris-energy partition & deposition ]
|

r Call EUXFIT to get Group-U subgroup energies J
Y

r Set up pressure efficiencies for Group-U subgroups l

Y

Call PHEAT to calculate specific energy deposited in event cell J

Y

[ Triple DO-loop to update cell quantities in entire grid

Y

L]

Move cell quantities from temporary scratch area to Time-Slot 2 in ECS

|

Fig. 1.

RETURN

Simplified Flow Chart for Subroutine PROMPG Which

Controls the Energy~Deposition Routines.
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Fig. 2.

Simplified Flow Chart for the Subroutine PROMPG
Triple DO-Loop Over All Cells in the High-Altitude

(o e e = - = —— = ——— . —— — - = ——— —— —— — — ——

220

Grid.

v

DO 230 JP =1, NCELY
- DO 220 IP =1, NCELX

r .

Get column of Time-Slot 2 data from ECS l

; i

= —{ DO 217 KP =1, NCELZ ]

Call PLINE
[&:\11 CHXDEP
Call HFCHEM

Cail PHEAT

Call PCHE!\i]

Store cell quantities updated in PCHEM
)

in temporary scratch area

Store column of updated cell quantities in
Time-Slot 2 in ECS |

e

— e s e -{7 CONTINUE
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2. SOME AUXILIARY ROUTINES

2.1 SUBROUTINE BOUNDY

Subroutine BOUNDY establishes a one-dimensional array
GR(NCEL) of the geocentric radii to all the cell top-boundaries in the
HAG. This information is developed by using the cell-center heights
stored as cell properties and obtained by calling Subroutine ECRD.

Subroutine BOUNDY is different in SAIHYD and NRLHYD. As
discussed in Volume 16, the differential-quadrature formulation
of the Lagrangian hydrodynamics (NRLHYD) does not employ the concept
of a cell in computing the hydrodynamic motion, as is done in the
difference-equation formulation of the Lagrangian hydrodynamics
(SAIHYD). However, the deposition of energy (in SAIRCS) has been
formulated in terms of a cellular grid for use with SAIHYD. To make
use of this energy deposition procedure with NRLHYD, it is necessary
to establish cells and cell boundaries i NRLHYD to correspond to the
same quantities in SAIHYD. Subroutine BOUNDY in NRLHYD establishes

such cell boundaries.

For N Lagrangian points (initially specified in Subroutine
ATMOSG to be at the N-1 SAIHYD cell centers plus one more point at
the SAIHYD ¢rid bottom), the N-1 interior boundaries are defined to be
midway between the adjacent Lagrangian points. For the top cell, the
outer boundary is placed so that the top Lagrangian point is at the center
of the top cell. The parameter HABOT, originally read in by DRIVER
in SETUP1 as the bottom of the grid for SAIHYD, is reset in ATMOSG to
be the bottom boundary of the lowest NRLHYD cell. Since the value of
HABOT is not allowed to change with time, the bottom Lagrangian point

does not remain at the center of the bottom cell despite its not moving.

12




2.2 SUBROUTINE INDEX

For a given Point X in geographic coordinates (GCX, GLX),
Subroutine INDEX calls Subroutine GEOQUA to compute the quadrupole
coordinates (QCX, QLX) of the point. Subroutine INDEX then finds the
indices IX, JX, and KX of the Point X. If the Point X is to the quadrupole-
north of, quadrupole-west of, or below the grid boundary, index IX, JX,
or KX is set equal to zero. If the Point X is to the quadrupole-south of,
quadrupole-east of, or above the grid boundaries, the index IX, JX, or
KX is set equal to (NCELX+1), (NCELY+1), or (NCELZ+1), respectively,
and an appropriate warning message is printed. Subroutine INDEX also
computes the fractional-height position of the Point X within the cell at

the time the subroutine is called.

If the Point X is on a quadrupole colatitude or east longitude
boundary, Subroutine INDEX identifies Point X as being in the cell for

which the boundary is the south or east boundary of the cell.

The version of Subroutine INDEX used with NRLHYD differs
from that used with SAIHYD mainly in that (1) the vertical-direction
index (KX) has a plus or minus sign associated with it to denote whether
the Point X is above or below the Lagrangian Point KX, respectively,
and (2) the fractional-height parameter refers to the fractional distance
between the two adjacent Lagrangian points instead of the fractional dis-
tance within the cell (with both fractional distances being measured

upward from the bottom).

2.3 SUBROUTINE PROPTY

Subroutine PROPTY computes the mass density [PP(1)], the
density scale height [PP(2)], and the heavy-particle temperature [PP(3)]
of a given Point X inside the HAG. By calling Subroutine BFIELD,

13




Subroutine PROPTY also obtains the local dip angle [PP(4)], declination
angle [PP(5)], strength [PP(6)], and cosine of the dipole colatitude
[PP(7)] of the dipole magnetic field line passing through the point.

14




3. DEBRIS ENERGY PARTITION AND
PARTICLE-SOURCE SPECTRA

3.1 INTRODUCTION

Certain overall partitioning of the total vield for three selected
devices is given by Knapp et al. [ in Volume 127 as part of the GET
ROSCOE Model 3. This partitioning includes statements for the frac-
tional yields of x rays and hydrodynamics. The additional partitioning
of the hydrodynamics yield into several types of heavy-particle emis-
sions and UV emission, needed for computing the energy deposition in
the HAG, is not completely understood. We have, of necessity, adopted

a specific procedure, but it certainly deserves review and improvement.

It is convenient to classify the heavy-particle emission from
the expanding weapon debris-air mixture into loss-cone, ion-leak, and
charge-exchange (CHEX) particles even though the division among these
three groups is not unique. For our purposes, we consider loss-cone
particles to be debris ions that escape the burst region along the mag-
netic field direction. Ion-leak particles are also emitted along magnetic
field lines but they are composed mainly of air ions heated by the weapon
debris expansion. CHEX particles are mainly fast neutral air atoms
born through ion-to-neutral charge-exchange reactions within the debris-

air mixture.

Partitioning of the weapon kinetic yield into loss-cone and ion-

leak energies follows the prescription given by Crevier and Kilb _in Volume
10 ] as part of the MRC ROSCOE Model 12a. The fraction of the

remaining kinetic yield emitted as CHEX particles is computed from the
RANC-1V formulation [GE-70|. Thus, the sum of the loss-cone, ion-

leak, and charge-exchange yields is subtracted from the total

15
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hydrodynamic yield before the UV yield is determined by the prescrip-
tion of Fajen and Sappenfield [FS-71a, FS-73]. We do not discuss the
physical validity of our modeling of the hydro-yield partitioning; we do
discuss and provide Fortran energy-deposition routines. Hopefully,
future modifications of the hydro-yield partitioning will require only

minor modifications of these routines.

3.2 HYDRO-ENERGY PARTITIONING

Partitioning of the weapon kinetic yield is summarized in
Fig. 3; the directed dashed line shows the computational order. The
energy indicated in each energy block is successively subtracted from
the remaining energy until the residual UV-plus-thermal energy is ob-
tained. The partitioning into the three heavy-particle modes is per-
formed by calls from Subroutine HDPART to Subroutines LOSCON,
IONLEK, and CHXLOS. The final division into UV and thermal energies
is performed in Subroutine EUXFIT.

Event

Kinetic Yield
T
|
|
v | ] I ]
[ = I —— i ]
|  Loss-Cone Barag Ion-Leak | _ CHEX L | UV + Thermal |
| Energy Energy == Energy [ __>L Energy {
L J

Fig. 3. Illustration of the Order of Partitioning of the Total
Kinetic Yield into Loss-Cone, Ion-Leak, CHEX,
and UV-plus-Thermal Energies.
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3.2.1 Loss-Cone Energy

The energy fraction in the loss cones, with neglect of collisions,
is [Vol. 10, Eq. (2-23)]

_ 2 g ? 2
FLc = 1-(1—61) - [2 (l-el) 2+€1-3€1ﬂ/5€ (1)
where
-20 v5 n ;
g i dadlix 10 4 2 . [Vol. 10, Eq. (2-26)1 (2)
2 /8 3/ 2
B W 2 Z
K d a
and
€ = min(e, 1) . “Vol. 10, Eq. (2-22) (3)
Here, W_, is the weapon kinetic energy in MT, B is the burst-point

K

magnetic field in gauss, v, is the debris velocity in ecm/sec, n, is the

d
air-ion density in cm-3, Z4

the air-ion charge state. However, with collisions included, the energy

is the debris-ion charge state, and Za is

in MT leaving the burst region in the downward direction is given by
TVol. 10, p. 147

2

iy ‘ ‘V P ”

Wieq = 3 Wk Fie maxlO, L1 - [p,/2 % 10 )h : (4)
where Py is the burst-point mass density, and the energy leaving in the
upward direction is given by _Vol. 10, p. 14

27]ﬂ

IR iy

Wiy = %W '3 max}O, ~L1 _ (pa’ﬂz " 10-11)

The total energy in MT leaving the burst region through the loss cones
is " Vol. 10, Subroutine LOSCON

WLC 2 chd i Wtcu ’ (6)
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For more information about this formulation the reader is referred to .
Volume 10,

The total fraction of the weapon kinetic energy (with collisions

included) leaving the burst region in the loss cones is

f, = W{C W (7a)

e K

which, for burst-point densities less than P, 2 X 10_12 g/cms, is
very nearly equal to the fraction FLC for neglect of collisions. For the

downward direction the fraction corresponding to f{c 1s

fﬁcd = W)Ccd/wK : (Tb)

For p, < 9+ 10-12 g/cm3,
tﬁcd O.Sf&C . (8)
In Fig. 4 we have plotted f/cc as a function of the kinetic yield W The

curves have been drawn through points computed from the Subroultine
LOSCON given in Vol. 10 and used in SAIROS. The altitudes correspond
to densities from the CIRA-1965 Model-5 8-hr atmosphere [CI-65]; we
used B = 0.5 gauss. For the 150-km curve, fﬁcd = 0.

3.2.2 Ion-Leak Energy

The energy in MT moving downward from the burst region due

to the ion-leak mechanism is _Vol. 10, Eq. (3-1)]

-

-.,)0-04/ (wlo"ﬂ

J

-t 0

) s
W,q = 0-45W, [1- (o /2% 10712 w

where WI’ given by
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Fig. 4. Fraction of the Total Kinetic Yield Escaping the Event-Point

Region by the Loss-Cone Mechanism, for Several Event
Altitudes. Curves are drawn for B = 0.5 gauss and the
CIRA-65 mean atmosphere. At 150-km, the downward

fraction f is zero.
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is the kinetic yield left after the loss-cone energy is removed. No state-
ment is made in Vol. 10 about the magnitude of the upward-moving ion-
leak energy. Since we must know the amount lost by this mechanism in
all directions to estimate the kinetic yield left for subsequent yield

partitioning, we arbitrarily set the total ion-leak energy loss as

Wi{ = zwitd . (11)

Final determination of Wi& must be deferred to some future date.

The total fraction of the weapon kinetic energy leaving the

burst region by the ion-leak mechanism is
iy = W /W, (12)

By our simplifying assumption in Eq. (11), we see that the fraction for

the downward direction is

fifcd:O'Sfié . (13)
In Fig. 5 we have plotted fi& as a function of the Kkinetic yield WK' The
curves have been drawn through points computed from the Subroutine

IONLEK given in Vol. 10 and used in SAIROS. We used the same input

conditions as for Fig. 4.

3.2.3 CHEX Energy

Time constraints did not allow us to develop a new model for
the energy leaving the burst region via fast neutrals produced through
charge exchange. As an interim procedure we have just applied the
RANC IV model [GE-70] to the remaining kinetic yield so that a place
for CHEX particles might be formally introduced in the code.
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The RANC IV prescription for CHEX-particle energy emission
(in MT), adapted to our needs, is

1
Wchex —6- (148)

W2 - WK- WLc = WM - (14b)

where FCED’ FCEU’ and FCE are coefficients associated with the

downward, upward, and horizontal directions, respectively. In terms

of the burst-point mass density Py their values are

0.0 pa23><10_13
‘ 10" 1% DR e T YT e
Fegp = 4 U .15 (153)
l -0.27 1n(10"% o) 2.6 1071 <p_ <310
0.98 b, = 2.6 10716
(0.25% 103, TR T
Fery = T ) -14 S0y
[ 0.25x 101 o p, =4.65% 10
3% 107 %, o, =316 107"
0.95 1.15‘*’10—155;)1" 3.16> 10" 1°
Fap = g ) ; (15¢)
2 lo.z mnol” 0,) 10”17 <p, <115 10 15
0.0 <1017

Pa

The fraction of the weapon kinetic energy leaving the burst

region by the charge-exchange mechanism is

f('hex i Wchexle ’ (16)
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In Fig. 6 we have plotted fc as a function of the kinetic yield W

hex K"
We question the validity of the predicted CHEX emission for events be-
low 150 km. Some modification of the model at low altitudes is clearly

required.

3.2.4 Residual Energy for UV and Thermal Modes

After subtraction of the energies in the loss-cone, ion-leak,
and CHEX particles, we obtain the energy left for the production of UV-
photon and thermal energies. If the residual energy is given (in MT)
by

Wp = W W= Wt~ Wogies 2%)
then the fraction of the kinetic yield available is

fR = WR/WK ; (18)

The fraction of the weapon kinetic energy available for the UV and

thermal modes is plotted in Fig. 7 as a function of the kinetic yield WK'

3.3 PARTICLE ENERGY DISTRIBUTION

Each source of fast heavy-particles has a different energy dis-

tribution. We record the distributions presently used.

3.3.1 Loss-Cone Spectrum

The velocity distribution of downward-going loss-cone parti-

cles is assumed to be | Vol. 10, Eq. (4-4) ]

4
5W v
dW Led -1 '
- _VS—.\;—S_ (MT secem ) . (19a)
2 1
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by the Charge-Exchange Mechanism, for Several Event
Altitudes. Curves are drawn for the same conditions as in
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Fractions. Curves are drawn for the same conditions
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Equation (19a) is readily integrated to give an integral velocity distribu-

tion which may be transformed to an integral energy distribution,

,
WL (= E) E5/2- ES".Z
cd _ min (19b)
Weed Y2 yve
max min
where
= xm, v (erg) (20a)
min 2 0d 1 &
_1 2
E S my v (erg) (20b)
, - 2
hmax S5 my v, (erg) (20c)

Vy ® max-:O, Vg = 4 > 107: (cm/sec) [Vol. 10, Eq. (4-3). (20d)
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Vy = Vg +2X 107 (cm/sec) Vol 10, Eq. (4-3)] (20e)

¥y = 2.7 X 108 W(}){ a7 (em/sec), _Vol. 10, Eq. (4-1)] (20f)

with m the debris-ion mass in grams and WK the burst kinetic energy
in MT.

3.3.2 Ion-Leak Spectrum

The velocity distribution of downward-going ion-leak particles
is assumed to be "Vol. 10, Eq. (4-11)

W.
%‘i’ L (MT sec cm—l) . (21)
% Vo~ Vg

Equation (21) is readily integrated to give an integral velocity distribu-

tion which may be transformed to an integral energy distribution,

w, . (<E) EV2_gl/2
L = = (22)

Witq g2 . gl/2

max min

where
1 2

min = 2™ V3 (23a)
E = %m v2 (23b)

1.8
Emax = 5 m v, (23c)

with m the ion-leak particle mass, Vo given by Eq. (20e), and

o= L5 10 (em/sec) . [Vol. 10, Eq. (4-11)] (24)
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3.3.3 CHEX Spectrum

The charge-exchange particle spectrum tends to vary widely
with burst altitude, direction of emission, and the weapon expansion
velocity. To satisfy our immediate needs we have assumed an expo-
nential energy distribution. Examination of earlier work |HL-71,
HM-72b] tends to lend support for this functional form. Explicitly, the

integral energy spectrum is

Wchex(E) - o AR Ak
= . (25a)
Wehex e *Emin _ "2Emax
with
a=10% (en)] (25b)
107)°
E_. (eV) m D) (25¢)
2%1.6 X 10
2
m \'2
E_, (eV) = -5 (25d)
2%X1.6X%X 10

m corresponding to a mass-15 particle, and v, given by Eq. (20e).
2
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4. UV SOURCE CHARACTERISTICS

We have adopted the HARC-code prescription, given in our
Subroutine EUXFIT, for the UV spectrum as a function of the event-point
density and kinetic energy. This prescription, based on calculations by
Fajen and Sappenfield [FS-71a, Table IV; FS-73], gives the fraction f,
(i =1,5) of the kinetic energy converted to UV in each of five spectral
energy groups (with energy-bin edges at 0, 13.6, 15.6, 17, and 30 eV),

according to the expression

2 2 2 2
f. = (@x" +bx+c)y” + (dx" +ex +f)y + gx +hx+p, , (26)

In K

i
1

y = 1lnp
K (KT) = available kinetic energy

p(g/cms) = event-point density

Because of the approximate nature of the equations, the total fraction
(FRU) is given [FS-Tla] by Eq. (26) with another set of coefficients

(i =7 in the code). However, the code limits FRU to a maximum value
of 0.98. If either f.l or FRU is negative for certain conditions, it is
set equal to zero. The intended [FS-71a] range of validity of Eq. (26)

is given by the expressions

gx107 0 <oz 8x 107
5< K< 10t
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In the HARC Subroutine DSFIT, which we renamed EUXFIT
after making minor changes, D. H. Sowle introduced a sixth energy
group due to effective, low-energy x rays. The fraction f’é is given by

¢ - ¢ , FREXEX
6 &  EDX

where

S 0.01 FRU X EH
6 5 EUX ’
0.01 + Z;fi
1=1

EH = K, EX is the x-ray energy, and EUX is the sum of the Group-U

and an effective low-energy portion of Group X, given by
EUX = FRU X EH + FRX X EX

Here, FRX is given by

-6

FRX - Max[0.08(1 - TBAREX), 107" |

TBAREX = fraction of x-ray energy escaping a 10-km radius, obtained
by calling Subroutine XTCOEF.

The fractions fi in Eq. (26) are normalized by the expression

Sl . FRU » EH R
i 5 EUX °’ e
0.01 + ) f
i=1
One can verify that
>
w1y = 1
= 1 6

"

The Fortran variables for fi' G = 1, 5)and fG are FR(I), I = 1,6. FR(6)
1s not used in the HAG module.
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5. X-RAY SOURCE CHARACTERISTICS
AND ENERGY DEPOSITION

To facilitate development of the HAG module, we used the
HARC Subroutine XTCOEF instead of the corresponding GET routines
for the x-ray source and deposition characteristics. By improving the
HARC procedure for x-ray energy deposition, we also eliminated use
of the HARC Subroutine XDCOEF, used for x-ray energy deposition.
Our calculation of the x-ray energy deposition is done in Subroutine
PHEAT.

The HARC Subroutine XTCOEF(EM, TBARX) provides the ef-
fective energy transport coefficient for six spectral types, each char-
acterized by the value of an index (1 < IDSX = 6). The argument EM
(g/cmz) is the intervening air mass and TBARX is the fraction of the
energy reaching the depth EM. To prevent Subroutine XTCOEF fromn:
returning a physically impossible value in excess of 1.0 (due to using
the same formula for extrapolation as interpolation), we revised the

routine by using the formula

TBARX = 1 - £M [1 - COEF(1, IDSX)]

1077

for values of EM less than 10~7 g/cmz, where COEF(1, IDSX) is the

coefficient for the spectral index IDSX.
To deposit x-ray energy, we use the formula

DAIXX(erg/g) - % IBXIN "BTBXO;JT ;
(p/3)(R0 - R )

ut

where EX is the total x-ray energy, TBXIN and TBXOUT are obtained
by calls to Subroutine XTCOEF(EMIN, TBXIN) and XTCOEF(EMOUT,
TBXOUT), and the input arguments EMIN and EMOUT are given by
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2 Rin
EMIN(g/cm®) = f p dR
0

R

f outde ,
0

with p(g/cms) being the total mass density. Rin and Rout are the dis-

tances from the event point to the points of entry and exit of a cell,

EMOUT(g‘/cmz)

measured along the ray path frem the event point through the cell center.

For permanent use one needs to replace the HARC Subroutine
XTCOEF with the GET 7 Vol. 127 equivalent Subroutines WOXI1(I) and
WOXC (I, PMASS, FCONT) and Function EXPINTP (X1, Y1, X2, Y2, X).
Our DRIVER should call WOX1(I) to read (a) the fractional x-ray energyv
in each of 18 energy groups (SPECX), and (b) the vield fraction in x rays
(FEDX), and fill WOX Common. One needs to change the current calls
to Subroutine XTCOEF in Subroutines EUXFIT and PHEAT by calls to
Subroutine WOXC, and take account of the fact that FCONT returned by
Subroutine WOXC is the fraction of x-ray energy contained within
PMASS (g/cmz) rather than being the fraction transmitted beyond EM
(g/cmz) as in Subroutine XTCOEF. One also needs to get the total en-
ergy WB (MT) into DEVICE Common, as well as convert from MT to

ergs.
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6. DEPOSITION OF DEBRIS PARTICLES

6.1 INTRODUCTION

Before we proceed with the detailed physical and geometric
considerations necessary for deposition, we will outline the overall pro-
cedure. The total weapon Kkinetic yield is divided into loss-cone, ion-
leak, CHEX, UV, and thermal energies. Each of these energy
components, except the last, is deposited separately in the HAG. First,
the loss-cone particles are deposited in a field-aligned tube centered
about the burst-point field line. Next, the ion-leak particles are also
deposited within a field-aligned tube but of size different from the loss-
cone tube. Then we deposit the CHEX particles as neutral particles
without any consideration of subsequent ionization and magnetic field

focusing. Deposition of UV energy is discussed in Section 9.

Changes of chemical species produced in each cell by the sum
of the heavy-particle energy depositions modify the species composition
that would normally be seen by the UV photon flux. Although the final
species complement may differ in a heavily-dosed cell if the UV were
deposited first, the differences are not expected to be large. In lightly-
dosed cells, the order of irradiation is probably of minor consequence.
At any rate, we found it convenient to deposit the heavy-particle energy

first in our implementation.

6.2 HEAVY-PARTICLE ENERGY LOSS

According to heavy-particle stopping theory |[LS-63], the dif-
ferential energy loss rate of a particle traversing matter is

dE

r- et S(E) (eV/cm) (27)
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where E is the particle energy, x the distance, and n the number den-
sity of target atoms. The stopping cross-section S(E) has an elastic

contribution @ and an inelastic portion BN’E; viz,

S(E) = o + 8J/E eV em™y - (28)

Values for oxygen and aluminum atoms slowing down in nitrogen are
found by direct substitution into Eqs. (2.5) and (2.7") in LS-63. If the
particle energy E is measured in eV, the values of @ and 8 are, for
oxygen,

o = 2.98x 10”14

O

eV cm2 (target atom)'l]

t

L [eV em® (target atom)_ll

1.18 % 109"

I

o
and, for aluminum,

14

5.47 X 10 lev cm> (target atom)-l]

R
1l

16

1.52 % 10" [ev? em® (target atom)_l] .

ISAl

Note that the value of aO is much larger than that propagated into the
work of HM-72b from Appendix 4A of HL-71.

In Eq. (27) it is often convenient to introduce the areal mass
density (g/cmz)
d¢ = mn dx (29)

traversed by a particle in lieu of the rectilinear distance: i.e.,

dE

mE = «SEY . (30)

Here, m is the mass of a target atom. From Eq. (30) we can compute
by straightforward integration the areal mass density required to slow

a particle from energy El to Ez.
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E
E(E ~>E):-mf2dE . (314)

After inserting Eq. (28) in Eq. (31a) and integrating, we obtain the

result

E(E, »E,) = M‘ﬁ(‘@;_“@_)

17 Ey) ;2 la« ; (31b)

which is required for the calculation of energy deposition in a cell.

In our application of Eq. (31b) we will normally know £ along
the particle path in a cell and the cell-entrance energy E1 of the parti-

cle; we will then calculate the particle cell-exit energy E, by use of

2
the Function Routine FZET which, given the range, iteratively solves
for the energy in the range-energy equation. The difference E1 - E2

is then the total energy deposited by the particle in the cell, of which a

fraction fa is due to elastic collisions and a fraction f, is due to in-

B
elastic collisions, where
fa = GEa/ (E1 - Ez) (32a)
GEa o &( E = E )/m (32b)
f,3: 1'fa 2 (32¢)

If the error in using the first-order Taylor expansion of Eq. (29)
is less than the corresponding tolerance accepted in using the Function
Routine FZET, as is the case if the traversed areal density is very
small, we compute the cell-exit energy by using the (second-order)

Taylor expansion of Eq. (30).
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6.3 ENERGY DEPOSITION OVER A DISTRIBUTION FUNCTION

Although Eq. (28) gives the stopping cross-section for a mono-
energetic particle of energy E, the particle emissions span a distribution

of energies. The sum of the elastic (ee) and inelastic (ei) energy con-

tributions per target atom (eV atom'l) 18
2 dE
1 f e dN O
€ = — dE(x + B/E) ———) (33a)
t A0 (dEO dE,E “E -E
QT E
= € + €, (33b)
e i

with A the cross-sectional area of the particle beam at the deposition
location, Eo the particle energy at the source prior to penetration of any
matter, E the particle energy at the deposition location after traversal
of £(g/cm2) of material, and Eg the energy lost by the particle to reach
the deposition location. The energy transformation function is just

dEO S(EO)

dE - SE) (34)

and the number-vs-energy distribution is related to the integral number

spectrum by

Y dN

N(>E) = -f dE o (35)
E 0

6.4 PRACTICAL IMPLEMENTATION

In the practical situation where deposition must be done in
hundreds of cells, it is desirable to have analytical expressions for the
two integrals in Eq. (33a). Number-distribution functions for the particle
sources outlined in Section 3.3 do not lead to expressions analytically

integrable.

35

s———



To circumvent this difficulty we have represented each con-
tinuous energy distribution by a number-vs-energy histogram of equal
energy intervals. Each bar of the histogram represents a fixed number
of particles at a single energy midway between the edge values. Each
monoenergetic beam is then deposited as a separate source. An
attractive feature of this approach is its adaptability to any distribution

that may arise in the future.

6.4.1 Histogram Representation

If the number-vs-energy distribution of the source function is

represented by p monoenergetic beams,

p
dN
— — 6 -
F = 2 N YE-E) , (36)
k=1
then the elastic and inelastic energies (eV atom™1) deposited at a depth

g(g/cmz) from the source location are, from Eq. (33b),

o p
o —_— -
€, = Xf dEZNkG(E-Ek-Eg) (37a)
0 k=1
P
O( "~
= < Z N, B, 2E, (37b)
k=1
and
8 [ C a—
L _/_' - = )
¢ = Af dE J/E Z N, OE - E Eg) (38a)
0 k=1
8 <
- Z N VE - E; B 2E, . (38b)
k=1
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The number of particles at energy Ek gg‘x: each particle source function
is found from .

k.4

B

NS

K (39)

kR

where W assumes, in turn, each of the values (expressed in eV) of
Woeawr Wigq 99 Wop o

p+1 histogram-bar edges by

Beam energies E, are determined from the

k

_ 1 y i=1, ..., p
Ep = 5 E +E ) { =i . (40)

6.4.2  Loss-Cone Histogram

Histogram-bar energy edges for the downward-going loss-cone
vield is found by equating the right-hand side of Eq. (19b) to the fraction

of the energy below Ei+ Explicitly we have

1
E?/lz § Ersn/l?‘& i
3 = = i=1, » P (41)
E572 - ES/.Z p
max min
or
. 2/5
E. , = I’E5/2+1—E5/2_-E5/.2> : =2t -aes P (42)
i+1 L min p\ max min
with

1 Emin p+1 5 ISmaX '

6.4.3 Ion-Leak Histogram

For the ion-leak source we use Eq. (22) to find the energy edges.
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3 i
it = i i
— — 1=k . i 43
= = p (43)
max min
or
ot b U8
E. = |BE*. 31 OE‘ - E® s oi=1,...,p  (44)
i min  p \ max min
with
1~ “min ° Epfl " “max

6.4.4 CHEX Histogram

In a similar manner we use Eq. (25a) to find the energy

histogram-bar edges for the CHE X-particle source:

-akE . -ak.
min i+1 :
- sk = L. =1 (45)
Tak —ak D SRS
min max
e - e
or
1 B 4 min -aEmax
i+1 p
1= il s P (46)
with
1~ “min ’ Ep+1 " “max
6.5 PARTICLE SPATIAL DISTRIBUTIONS

In addition to an energy distribution, each of the three heavy-
particle sources has its own spatial distribution. Since we did not have

time to introduce the re-direction effects of the geomagnetic field in the
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deposition of CHEX particles, we assumed the particles to be emitted
with spherical symmetry. However, the loss-cone and ion-leak parti-
cles are guided by the geomagnetic field in the deposition processes
within tubes about the burst-point field line. In this section we discuss
the deposition and the particle spatial distribution within these tubes;

we ignore spiralling effects.

Before presenting the formulas, we describe the overall pro-
cedure. The differential form for the radial distribution of the downward-
moving loss-cone and ion-leak energies has been specified at 100-km
altitude by Crevier and Kilb "Vol. 107. We consider the corresponding
integral distribution function and form q concentric rings in the tangent
plane so that each ring contains 1/q of the total energy for either the
loss-cone or ion-leak particles. We compute the location (geographic
colatitude and east longitude) of the center of the distribution function,
i.e., the origin of the tangent-plane coordinate system at 100-km alti-
tude, by tracing the event-point field line. The source points (in the
vicinity of the event point) corresponding to representative points in the
concentric rings are determined by tracing the field lines passing through
the representative points to their intersections with the equipotential

surface through the event point.

6.5.1  Representation of the Spatial Distribution at 100-km Altitude

The spatial distribution suggested by Vol. 10 for the downward-

going particle-energy in the loss-cone and ion-leak tubes is of the form

wd I

dw ., =
d nR(z) [1 & 1y RO)Z]Z

dr do , (47)

such that the integration over the cross-sectional area of the tube,
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\%" 2m o

d T .
— do dr = (48)
2 f / 212 d’ '
"RY 0 0 [1 + (I'/RO) J

1s just the downward-going energy. In these expressions r and ¢ are

the coordinates in the tube's cross-sectional area, W acquires the

d

value W or W., , and R acquires the characteristic tube radius
{ed itd o]

R{c or Ri/(/ for the loss-cone and ion-leak particles, respectively. The

variable r is ultimately defined in Vol. 10 as the horizontal distance, at

100-km altitude, from the burst-point field line to the field line through

a representative point.

The integral distribution function for the particle energy passing
within a distance r of the event-point field line is found from Eq. (48) by

integrating from 0 to radius r, i.e.,

Wd(O, r)
\%Y

1

s 53

—_— (49)
d 1+1r7/R
0

To avoid the concept of a tube with infinite radius, we limit the radius
of the tube to 3Ro' According to Eq. (49), Wd(O,3RO)/Wd =0.90, i.e.,
0. 90 of the energy lies within the radius 3R0. However, we will re-

normalize the distribution function so that the entire energy W, is

d
within the radius 3R0. Our new integral distribution function for the

radial distribution of the particle energy is

2

1/
0 (50a)

, ..

©
3]

where

o RE=E - ; (50b)
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If we solve Eq. (50a) for p,

z
[ 0.9
P = [1“-"0'.94 {3%2)
or
z
: 0. 9f
) = RO {m] 5 (Slb)

we then can compute the radius for a given value of f. For the present
we are using four annular rings, with outer radii corresponding to
values of f equal to 1/4, 1/2, 3/4, and 1, and characteristic circles
within these annular rings with radii corresponding to values of f equal
to 1/8, 3/8, 5/8, and 7/8. These radii are tabulated in Table 1. On
each characteristic circle we place four representative points at 90-deg
intervals except that we also place a representative point at the center
and on the fourth characteristic circle we double the number of points.
To the set of s equally-spaced representative points on alternate char-
acteristic circles, we apply a rotation about the event-point field line
equal to m/s. The weight assigned to each of the s representative
points within one of the q annular rings is 1/(gs). The annular rings,
characteristic circles, and representative points currently used are

shown in Fig. 8.

65 5.2 Particle Allocations

The spatial allocation of the source particles Nk (cf. Eq. (39))
at energy Ek is simply Nk,«'(qs) for every field line traced.
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Table 1. Radii of Annular Rings and Characteristic Circles Used
to Approximate the Radial Distribution Function of
Downward-Moving Loss-Cone and Ion-Leak Energies.

Integral Fraction Outer Radius of Radius of
of Energy, f Annular Ring® Characteristic Cix‘(*}gi‘

0 0

0.125 0.356
0.250 0. 539

0.375 0.713
0.500 0. 904

0.625 1.134
0.750 1. 441

0.875 1.925
1. 000 3. 000

aIn units of the characteristic tube radius R().

6.6 STARTING COORDINATES OF THE FIELD LINES

It remains to establish the geocentric coordinates (longitude,
colatitude, and geocentric-radius) of each of the particle source points
in the vicinity of the event point. As mentioned above, these source
points, corresponding to the representative points in the tangent plane
at 100-km altitude, are determined by tracing the field lines passing
through the representative points to their intersection with the equipo-
tential surface through the event point. We now derive the equations to

determine these intersections.

The equation for a dipole field line is

L sinz\ (52)
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Y, North

3R 3R i

[}

Fig. 8.

8]

(0]

Four Annular Rings, Four Characteristic Circles, and 21
Representative Points Used to Approximate the Radial
Distribution of Downward-Moving Loss-Cone and lon- Leak
Energies. The plane of the paper represents a tangent plane
at 100-km altitude with origin at the event-point field line.
East on the diagram corresponds to the tangent-plane

X axis.
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where T is the equatorial radius and x is the dipole colatitude. (The
r in Eq. (52) should not be confused with the r in Section 6.5.1.) The

potential function for a magnetic dipole is

v = |M|r? coS X (53)

where |M! is the magnitude of the magnetic dipole moment. For a

constant value of V,

M| 2 cos x = |M| ry

cos Xy (54)

where the subscript 1 denotes the event point, so that the equation for

the equipotential curve is
£
r=r, {-99-5-\-} : (55)
oS X4

The equation for the field line through a source point is given

by Eq. (52) which we rewrite as

coszx = 1= r/rO : (56)

By eliminating coszx between Eqs. (55) and (56), we get

1‘4 r
= 5 T (57)
2 r
cos"Xy 0
or
4 sl
x +AB x-A =0 (58)
where
x=1+h /R (59a)
8 e

44




L
E
E

(1 + hl/R )4
A = ————z—e— (Sgb)
coS \1
B=1l+h/R . (59¢)
O e

We use Newton's method of iteration to solve the quartic, Eq. (58), for
the (reduced) geocentric radius at which the source-point field line
intersects the event-point equipotential surface. Given the geographic
coordinates of a representative point in the tangent plane at 100-km
altitude, Subroutine CONJUG will trace the field line through the point
to an altitude hS and return the desired geocentric coordinates (latitude
and longitude) of the intersection of the source-point field line and the

event-point equipotential surface.

67 FIELD-LINE TRACING

We need to know the heavy-particle energy deposited in each
cell, which can be found if we know the areal mass density along the
path within a cell (the product of the field-line path length within the cell
and the mass density in the cell). Thus, we must trace a field line
from the source point through each cell until the boundary of the HAG

is reached.

To trace the field lines we start at a given source point at alti-
tude hs. Given the geographic coordinates of the source point and a

new altitude hv and altitude step Ah, where

h =h_ - Ah , (60)
v S

Oh = AL sinl (61)

and I is the local dip angle, Subroutine CONJUG will return the geo-

graphic coordinates of the new altitude point and Subroutine INDEX will
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return the indices of the cell containing the new point. If the new point
is in the same cell as the source point, a second new altitude point,
lower by an amount Ah, is selected. Again, Subroutine CONJUG, given
the geographic coordinates of the source point and the altitude (hs - 2Ah)
of the second point, will return the geographic coordinates of the second
point on the field line and Subroutine INDEX returns the indices of the
cell containing the second point. This procedure is continued until the
cell indices indicate the field line has exited from the cell. An iterative
backup-and-boundary-crossing procedure is then followed in which A%,
initially set to 8 km, is repeatedly halved and the boundary crossing is
finally accepted when A% =1 km. The field-line path length from the
starting point to the (approximate) exit point is also returned by Sub-
routine CONJUG. This exit point is then used as a new starting point
with A2 = 8 km and the field line is further traced until it exits the cell
from which it last started. This procedure is continued until the field
line leaves the HAG or until the most energetic particle being followed
has stopped. This procedure is then repeated for every source point
corresponding to the set of representative points in the tangent plane at
100-km altitude.

6.8 LOSS-CONE AND ION-LEAK PARTICLE DEPOSITION

Energy deposition for loss-cone and ion-leak particles, while
based on Eqs. (37b) and (38b), must be done differently to conserve
energy explicitly. In particular, the specific energies (erg/g) deposited
in a cell by loss-cone and ion-leak heavy-particle elastic collisions and

inelastic collisions, are, respectively,

€ P

’ 0 = >
<, = 3T ;21 Ny (B, = B oy T (62)
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eo P
1 M Nk(Ein - Eout)k
k=1

*

€. = (1-1 (63)

ak)

where Ein and EOu are the entrance and exit energies (eV) of the par-

t
ticle in the kth energy group, M is the cell mass in grams,

-12

€,=1.6x10 erg/eV, and f,. is given by Eq. (32a) with an addi-

k
tional subscript k.

6.9 CHEX-PARTICLE DEPOSITION

As mentioned in Section 6. 5, the CHEX-particles are considered
emitted with spherical symmetry, or the energy emitted per steradian
is given by Wchex/M' Particle paths through each cell are straight and
have a direction determined by the line that connects the event point and
the center of the cell. Path lengths within each cell, from entrance to
exit, are found by the Subroutine PLINE and the intercepted steradianal
mass is given by

3 3

o
e -gp(Rout- in

Q ) . (64)

Here, p is the cell mass density; Rin and Rout are slant distances from

the event point to the cell entrance and exit, respectively.

The specific energies deposited in a cell by CHEX heavy-

particle elastic and inelastic collisions, are, respectively,

50 p Nk

S T M, Z 4n (Ein B E()ut)k fozk (65)
k=1
and
€0 : Nk
Ll - Z 4 (Ein - Eout)k W= fak) (66)
Q k=1
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where, again, Ein and EOut are the entrance and exit energies (eV) of

the particle in the kth energy group.




7. PARTITIONING OF THE DEPOSITED DEBRIS ENERGY
AND CONSEQUENT SPECIES (SUBROUTINE HPCHEM)

Subroutine HPCHEM partitions the total energy lost in each cell
by loss-cone, ion-leak, and CHEX particles undergoing inelastic and
elastic collisions. The energy is partitioned into heavy-particle thermal,
electron thermal, dissociation, ionization, excitation, and radiation. A
model of heavy-particle prompt chemistry is also used to compute the
changes in number densities of N2, O2, N(4S), N(2D), O, N2+, O2+, N+,

O+, and electrons.

One of the simplifications made in depositing the heavy-particle
energies is that the range-energy relation used in Subroutines DE PO
and CHXDEP is based on the total mass density of a cell whereas in
Subroutine HPCHEM only the species N2, O2, and O are considered as
targets. The modeling of the associated heavy-particle prompt chem-
istry is based on a speculative treatment |[HM-72b, Section 6: HL-73b,
Section 5], modified by the need to interface with the late-time grid
chemistry. (The rationale for the heavy-particle prompt-chemistry
modeling, to the extent it exists, will not be repeated here.) In this
late-time chemistry, for atomic nitrogen only I\‘(ZD) is carried as an
excited term and for atomic oxygen only O(ID) is accounted for (im-
plicitly) as an excited term. Thus, N(ZP) and 0(18) are purposely ex-
cluded as possible reaction products of the heavy-particle prompt
chemistry. Conversion of N; and O; into NO" (the only molecular ion
in the grid chemistry) is performed at the beginning of Subroutine
PCHEM.

In Table 2 we summarize the reactions from inelastic and
elastic collisions that are modeled in the prompt chemistry from heavy-

particle energy deposition.
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Table 2. Heavy-Particle Prompt-Chemistry Reactions
from Inelastic and Elastic Collisions.

Number of

Branching Reactions,®
Reaction Ratio em-3
+
‘ N, + e 1/1.35 ' 2N, |
N, = le]
% 4 i ‘ n
N('S) + N +e 0. 835/1.85
2]
[ +
% 0, +e 1/1.35 l 2[0?]
o, le]
= 2 n
= (O(3P)+O++e 0.35/1.353
o - 0 +e s le]
n
4
/ ; ‘N( S) 4/14 I I,
Ny=» N(s)+ n
2 n €
lN( D) 10/14 ‘
@) 3
= h ‘0( P) 9/14 ' 2[02]
g O2 > OCP)+ )
= lO(lD) 5/14 3
‘ o*p) 9/14 I
O]
o - —n
1 n C
lO( D) 5/14 s

———————————i

2{[Ng] + [O9]} + [O] = number density of nuclei.
number density of particles in cascade of elastic-collision energy.




In Subroutine HPCHEM, before dealing explicitly with the par-
titioning of the species and energies from the inelastic and elastic colli-
sions, we must make a number of preliminary steps and establish

several parameters used in the modeling.

1. From the extended core storage for the cell of interest,
obtain the total mass density p(g/’cmB) and the number densities (cm-s)

of N2, 02, and O.

2. For both the inelastic and elastic-collision contributions,
sum the specific energies deposited by the loss-cone (PEI and PEE),
ion-leak (QEI and QEE), and CHEX (CEI and CEE) particles.

ei(erg/'g) = PEI + QEI + CEI

]

€ (erg/g) = PEE + QEE + CEE

€

3. Compute the number density of nuclei in N, O,, and O.

2" —2
n(nuclei/cn13) = 2{[N2J + [Ozl} + O]
4. Compute the threshold-energy parameter used in modeling
the cascade of elastic energy. i

E, - )39.04[N

t ] + 20.480,] + 25. 40[0]{/n

2

In this equation the coefficient of [O] includes the replacement of em(O)

by em(O) i1t er(O) in Eq. (68) of HM-72b (or Eq. (40) of HL-73b).

5. Compute the weighted value of the energy removed per

collision in the cascade of elastic energy.
e,
€(eV) = {C [N, ]+ CylO,] + C,[O]/n

where
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C, = 2[9.76 + 2.37(1 - Fg) +12.0]
Co = 2(5.12+1.96 F + 12.0]
C3 = 1.96 FIO +12.0

Fg = 4/14
FIO = 5/14

6. Limit the specific energies to values less than those re-
quired, according to the model, for complete ionization and (effective)

dissociation of the N2, 02, and O densities in excess of 1.0. Define

Ny plem™) = [N,] + [0,] + [0] - 3.0

Simax -~ S0y N

Eema,x gk E1 NHP

1S

where the conversion factor €1

l):(.p

<1 3 =«
cl(ergeV cmo g -

€, = 1.60x 1072 erg/ev

The fractions of NHP destroyed by inelastic and by elastic processes

are, respectively,




It g+ 8.~ 1.0, one must reduce € and Ee by the ratio 1/ (g‘i ¥ g‘e).

We are now ready to deal explicitly with the inelastic collisions.
1. Compute the electron density:
le] = €,/(28.5 ¢,)

2. Partition the charged species from inelastic collisions.

N1 = T35 2
05) = 1955 mnz] le]
N = 332 2“22] le]
[0'], = 52 zliz]m

0], = e

4+

O]

i
LET
O
e

3. Record the corresponding neutral-atom densities produced

in dissociative ionization in inelastic collisions:

3 +
lo°p)] = [0°],
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4. Partition the energy from inelastic collisions into four

modes and the fraction of energy in each mode.
Electron Thermal Energy:

E(eV/cm3) = 1.5 [e]

B =

RE = & B/

Dissociation Energy:

Di(eV/'cm3) = 9.76 [N'] + 5.12 [O+]2

Ionization Energy:

I(eV/em®) = 15.58 [N;] + 12.06 [0} ] + 14.53 [N"] + 13.62 [07]
fI = ey I/el

Radiation Energy:

3
3 _ ¢’
R.l(eV/cm ) = fR ei/el

We now deal explicitly with the elastic collisions:

1.  Compute the total number density of particles from the

cascade of elastic energy:




2. Partition the neutral species from elastic collisions. The

(fast) particle densities from the elastic-energy cascade are

9[N, ]
lNJC 2 r12 e

2/0, |
[0102 I n2 Ne
[O]cl B J.ngjnc'

[0], = [0]4 + [0],

The (slow) particle densities from the elastic-energy cascade are

N],

I

[
(N lcs

I e

c2s

3. Partition among excited states the (total) particle densi-

ties from the elastic-energy cascade.

IN*$)] = FgIN], + [N],,
INCD)] = (1 - Fg) [N],
03p)] = (1 - Fi0) (0], + [Ol.gg
lo('D)] = F o],
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4. Partition the energy from elastic collisions into four
modes.

Heavy-~particle thermal energy:

K(eV’cmB) = f ee/"e

Kl(erg/g) = el
Dissociation energy:
D (eV/cmB) = 9.76[N]_ + 5.12[|0]
e’ ; c ’ c2
Excitation energy:

3 :
Xe(eV/cm b=2.370 - Fg)[N]C +1.96 F [O]C

Xel(erg/g) = Xy Xe

Radiation energy:
/ 3 j
R(eV/cm”) = 12{[N], + LO]C}

We can now combine the results from inelastic and elastic

collisions.

1. Add the contributions from the inelastic and elastic colli-

sions to obtain the total values of dissociation and radiation energies.

D(eV, (‘ms) = D.l + De

‘T/(T =
Dl(exg_,, o) 4 D

R(eV/'cm3 =R. +R
i e
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2.

six modes.

Rl(erg/g) =& R

Compute the total fractional partitions of energy for the

€1 K/(Ei 3 se)

faE e E/(€i+€e)

E 1

fD =€ D/(e.1 + ee)
er =& Xe/(€i + ee)

f = & T/(e.+'c.)

fR = 61 R/(ei + ee)

The fractional error in energy conservation is

3.

F=fK+fE+fD+er+fI+fR-1

Compute (and collate) the changes in species densities.

2[N, ]
oINg) = -~ o]+ ncl
2(0, |
6102] o n2 ':[e] . nc}
2[N
6[N(4S}] = |N+| + (1 + Fg) nz] n,
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6[N(D)] = (1 - Fy) P n,
0] - - 2 o]+ (07], + 222
ole] = [e]
o) - g 2 [
6[07] = Tz 2[32] le]
8[N"] = 0.35 5N, ]
6[0"] = 0.35 6[o;]+[—g—][e]

4. Compute the sums of changes in densities of nitrogen nuclei,

oxygen nuclei, and charged species as measures of conservation errors.

DoN = 26Ny ] + S[N; I\ + o[N(*s)] + o[N(*D)] + B[N"]

2200 = 2160, + 5[0, ]} + 8[0] + 8[0"]

L3

= 0[Ny ] + 6[0,] + 8[N"]+ 8[0"] - ble] .

5. Compute the sum of electron thermal and O(ID) excitation

energies per newly-formed electron.

2n
Epe(eV/electmn) = (E +1.96 Flo{loz] + 0. 5[0]} Tc)/e] _
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6. Store changes in cell quantities in temporary scratch area

(BUF2).
BUF2(1) = 6|e] BUF2( 7) = 6|N" ]
BUF2(2) = 6[N(*s)] BUF2( 8) = 60"
BUF2(3) = 6[N(’D)] BUF2(9) =E
BUF2(4) = 6|0] BUF2(10) = K,
BUF2(5) = [N, ] BUF2(11) = GLN;]
BUF2(6) = 6[02] BUF2(12) = 6[05] .
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8. ORGANIZATION OF THE HEAVY-PARTICLE
RELATED ROUTINES

An outline of the portion of the HAG module for kinetic-yield
partitioning, heavy-particle energy deposition, and generation of conse-
quent chemical species is shown in Fig. 9. The interface with the rest

of the HAG module is through three calls by Subroutine PROMPG.

The first call (for debris) from Subroutine PROMPG is to Sub-
routine DEBRIS which serves as a control routine for seven subsequent
steps. Subroutine HDPART is called in Step 1 for the partitioning of the
kinetic yield, given the kinetic yield, event-point magnetic field, and
event-point mass density. Step 1 is accomplished with the aid of Sub-
routines LOSCON, IONLEK, and CHXLOS. A return to Subroutine DEBRIS
occurs with values for the downward-moving loss-cone energy (WLCD),
the downward-moving ion-leak energy (WILD), the charge-exchange en-
ergy (WCHEX), the characteristic magnetic tube radii for loss-cone

particles (R and ion-leak particles (R.

/CC) 1’&)
maximum (vz) velocities in the loss-cone energy spectrum, and the

, the minimum (vl) and

residual energy available for UV and thermal energies.

If WLCD > 1072 MT, then Step 2 is a call to Subroutine CONSPC

to compute the histogram energy distribution for the loss-cone particles
and Step 3 is a call to Subroutine BLINE to deposit the loss-cone particle
energies in a spatial tube centered about the event-point field line. Sub-
routines CONJUG, BFIELD, and INDEX aid in the field-line tracing

while Subroutine DEPO does the particle energy deposition in a grid cell
and detects the stopping locations of the monoenergetic energy groups.
Subroutine XYZGEO performs the necessary transformation from tangent-

plane cartesian coordinates to geocentric cartesian coordinates. When
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control returns from Subroutine BLINE to Subroutine DEBRIS, every
cell that is intersected by the loss-cone magnetic tube has a contribution
to its specific energy.

If WILD > 104 MT, then Step 4 is a call to Subroutine LEKSPC

to compute the histogram energy distribution for the ion-leak particles
and Step 5 is a call to Subroutine BLINE to deposit the ion-leak particle
energies in a spatial tube centered about the event-point field line. The
operational procedure of Subroutine BLINE is identical to the loss-cone
case except that the heavy particles are considered to have mass number
16 rather than the mass number 27 of the loss-cone particles. After
specific-energy contributions are added to cells intersected by the ion-
leak tube, control is returned from Subroutine BLINE to Subroutine
DEBRIS.

If WCHEX > 1072 MT, then Step 6 is a call to Subroutine CHXSPC

to compute the histogram energy distribution of the CHEX particles for
later use by Subroutine CHXDEP. Step 7 is the return to Subroutine
PROMPG.

The second call from Subroutine PROMPG to the debris module
is to Subroutine CHXDEP, provided WCHEX > 10"4 MT; otherwise the
call is bypassed. Contributions to the specific energy by CHEX particles
are assigned to every grid cell, provided the areal density to the cell is

less than the range of the most energetic CHEX particle.

The third call from Subroutine PROMPG is then made. Con-
tributions to cell specific energy by the three particle sources are
summed for the production of changes in the chemical species, thermal
energy, and excitation energy. These latter two calls from Subroutine
PROMPG are conveniently made just prior to the UV photon deposition

since the necessary cell-calling logic is the same.
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Detailed flow charts for Subroutines BLINE, DEPO, and CHXDEP

are given in Figs. 10, 11, and 12, respectively.
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Float IWQ & WS, 7y Y
prid. Imtialize elisty
for loss-cone and 1oy -

NXYZ cells in pric.

QWI INVQ 5 SwWi WS
ELEFT - 0.0 |
NXYZ = NCELX*NCELY*NCELZ !
-=-DO 10 1= 1,KXY?Z ‘
| PEE() = QEEG) $§ QEE®) - 0.0 |
¢ PEI() =Quid) '§ QENI) =0.0 ;
| ENEE() = ENEI(I) = 0.0 |
10 CONTINUE |
!

—
SR, NS SN R B o

WRITE (6, 901) (QCiI), I = 1,NCE1L.X) !

901 FORMAT [
WRITE (6, 902) QCSBOT., (RCs(L), T - 1, NCELX) \

902 FORMAT |
WRITE(6, 903) (QL(.J), J 1. NCELY) i
1

f

J

903 FORMAT
WRITE(6, 904) QLEBOY, (QLE(J), J = 1,NCELY
904 FORMAT

v

< KPRINT = 0 e
e ;

I, T

WRITE(G, 905) '
905 FORMAT ‘l
WRITE (G, 906) |
906 FORMAT
WRITE(6, 907) .
907 FORMAT |

|y SRS -
2"1Y

phic colatitude GCTPO and longitude CLTPO of |
in at alt. HTPOKM = 100 km {
I {
HAX*1.E-5 I
} K POKM = 100. |
| CALL CONJUGIHALFPI-GCX, GLX, HA? {

GCLTPO, GLTPO, S1

GCTPO = HALFPI - GCLTPO

(et B el C : ]

Fig. 10. Flow Chart for Subroutine BLINE(NXCEL, RR).
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Start double DO-1vop to trace magnetic field lines for MMAX re |
sentative points on each of (IWQ-1) characteristie circles, ncluding
the event point as the first.

IWQP! - ITWQ + 1
3 DO 110 N = 1,1WQP1

(=N
(F.

1. 5)/QWI

8%z

= N -
GO TO (21, 22, 23, 23,24), N

Bl
‘
|
|
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|
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Fig. 10. (Continued).
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________ DO 100 M = 1, MMAX

Do MMAX points on circle

'

Initialize cumulative stepping distance in altitude SDH(cm), flags, &
heavy-particle energy bins before starting to trace new field hine.

FM =M $ SDH =0.0
KDL = 1 $ DLFACT - 8.0
IFGNEW =1 $ IFLGV = 0

(-DO 30 L = 1,IWK

| EL(L) = EK(L)

30 CONTINUE

F

Start non event-point field line. Determine position in tangent-plane
coordinate system (X, Y, Z) and transform to geocentric spherical
coordinate system. Determine equatorial altitude HOM for field line
through Point M.

PSIM = 2. *PI*FM/SWIF2 + SHIFT

X = SMALLR * COS(PSIM) § Y = SMALLR * SIN(PSIM)

Z=0. $ HTPO = 1.ET7

CALL XYZGEO(HTPO, GCTPO, GLTPO, X, Y, Z, HAM, GCM, GLM)

HAMKM = HAM * 1.E-5

CALL BFIELD(HALFPI-GCM, GLM, HAMKM, BVAL, DIPANG,
DECANG, COSCHI)

GROM = (RE + HAM)/(1. - COSCHI**2)

HOM = GROM - RE

50y )

Set starting values of field-line tracing parameters to those at event
oint.

50 GCV = GCX § GLV = GLX § HAV = HAX
GRV = RE + HAV $§ BV = PP(4) $ DIPX = PP(5)
DECX = PP(6) $§ CSCHIX = PP(7)
Determine initial altitude step DH, to be taken later and held
constant during traversal of first cell. Provide for non-zero step if
| point is at equator. - e
DH = DL * SIN(|DIPX])

IF(DH.EQ. 0.0) DH = 1.E4

= = — T

»)

Fig. 10. (Continued).
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m——— *7'\.\
AR e
Lol e M

Use Newton's iteration method to solve quartic
equation for intersection of Point-M field line with |
event-point equipotential surface.

44 REDRX = 1. + HAX/RE
REDRX4 = REDRX**4
A = REDRX4/CSCHIX**2
B=1. + HOM/RE

ADB = A/B
REDRVO = REDRX V43
T = Ly =l 3
. ‘H:\\' = HOM 1f event point
“‘5_, S Lver_\' ﬂ_”,t '| equator |
45 RDRVO3 = REDRVO**3 3 ‘“3 HAV = HOM !
PO = REDRVO * (RDKVO3 + ADB) - A | | HAVKM - HAV*1.E-5|
PPO = 4 * RDRVO3 - ADB f : J
REDRVN = REDRVO - PO, PPO | !
- e —————————— - i I
REDRVO = “ ’ 5 b
kot < - R ‘
m‘__Dj“:\ e S G BSeR \
0,- ’
V47
SRR ) il e e ‘
47 CONTINUE
HAV = RE * (REDRVN - 1.) 1
IF (HAV.LT.HABOT) GO TO 100
HAVKM = HAV * 1.E-5 ‘ ‘
B L S |
ot P L I RN

o . Fy =

Determine geographic latitude GCLV and longitude GLV of intersec- |
tion point, regarded as source point for non event-point field lines.

|

_— —
48 CALL CONJUG(HALFPI-GCM, GLM, HAMKM, HAVKM, 1., GCLV, |
GLV, 812, BEB1) |
GCV = HALFPI - GCLV 3§ GRV = RE + HAV
CALI BFIELD(GCLV, GLV, HAVKM, BV, DIPV,DECV, COSCHI)
DH = DL * SIN{| DIPV])

IF (DH.EQ.0.0) DH = 1.E4 § GO TO 60

—

Fig. 10. (Continued).
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) | P

Locate Point V in quadrupole system, determine indices, and set flag IFLGV

60 CALL INDEX(GCV,GLV,GRV, 0, QCV, QLV, IV, JV, KV, NVCEL, FRC)
IF(IV.EQ.0 -OR. IV.EQ.NCELX.1) IFLGV 1 s :
IF(JV.EQ.0 .OR. JV.EQ NCELY:1) I[FLGV 1

IF(KV.EQ.0 .OR. KV.EQ.NCELZ+1) IFLGV = 1

IS AN = /_T' . i : -

< IFGNEW = 0 > i R
N

____________ V- s

Set Point-S parameters for new field line |

GCS = GCV $ GLS = GLV & 1AS = HAV 8 GRS = GRV
BS=BVSIFLGS = IFLGV SIS =IVSJS = JVSKS = KV | |
NSCEL = NVCEI

i anmcopsaian el

N pa k

RS e il
,,,,,, = €2y : s

If cell-traversal complet

2d, g0 to 70 to compute path length, deposit
either terminate track if nitial cond {
traversal. If cell-traversal not ¢ t nr to 80
L_.,_ S e s e ’ e |

ISR, peas .

62 IV.EQ.IS.AND. JV.EQ.JS .AND. KV.EQ KS >
e o i -

- e

I
|
I
1
I
I
I
I
1
I
1
|
I
|
!
|
1
|
!
I
1
1
)
|
1
I
!
I
|
I
1
I
|
! - \
! [KDL;KDL-!"
I St
I
I
'
|
!
I
1
1
I
!
|
I
I
I
|
|
I
|
|
I
I
I
i
|
!
I
I
I
1
1
1
1
|
|
!
|
I

KDL 2 5 el
AT N~
: [
= “~——{ SCH = SDH - DH * DLFACT $ DLFACT = DLFACT/2.0 J [ ]
e A DA S Ty L—r'

L i ol £ Jaa—
T il

Step along field line, since Point V is eit}
same cell as starting point. Compute cumulative altits

decrement |
SDH and corresponding altitude HAV. Call CONJUG to get ¢

graphic coordinates of new Point V at altitude HAVEKM.

— ————— ;
GO TO (84,82, 82, 84), KDL J {

e e SRS —

f*zq-)jli-- 82 KDL = KDL + 1 § DLFACT - DLFACT/2.0 |
. o T L TG Y |
s . SEETR B8 SO N NI - SIS { )
- Y84 _ /

SDH = SDH + DH ¢ DLFACT $§ HAV = HAS - SDH
GRV = RE + HAV $ GCLS = HALFPI - (
HASKM = HAS * 1. E-5 § HAVEKM = HAV * 1,E-5

. - CALL CONJUG(GCLS, GLS, HASKM, HAVKM, 1. 0, GCLV, GLV,S12,
BEB1) |
GCV - HALFPI - GCLV § IFGNEW = 0 '
GO TO 60 [
_____ S =S ‘
!
e e e ey . 2 e T - J
L~ ~| 100 CONTINUE | SQEE = 0.0 § SQEI=0.0 | WRITE(G, 909) (1, QLE(D, 1=1,NXYZ) ;
ORI VI A
L-.. l 110 CONTINUE | e S E T N i "] 909 FORMAT = ot .
T T | SQEE = SQEE + ENEE() WRITE6, 910) (1 QEN1), 1=1,NXYZ)
| 1 BNUE # S4BE § HEh | 910 FOIRMAT
i SQEI = SQEI + ENEl1) L J
| 120 CONTINUL i i ' -
| SQEE « SQEE ¢ EPSLN | o —
[ SQEL « SQLI * EPSLN { -; RETURN )

Fig. 10. (Continued).
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Compute field-line length from entrance to exit of cell, equatorial value of field BEQ,
equatorial radius REQ, and areal mass density ZETA alony field hine from (approxi-
mate) enirance to (approximate) exat.  Call Subroutine DEPO to compute enercy
deposited 1n cell NSCEL. If cell S is outside of grid, avoid depositing eneray in
nearest-cell in grid by going to 75. Compute geacentric radius GRSBOT to bottom of
cell NSCEL, column number NSCOL for cell NSCEL, steradianal volume SRVOLS of
cell NSCEL, factor EPSMAS to convert from eV, cell to erg/u, and energy deposited
in cell NSCEL due to elastic and inelastic collisions {both erg g and eV /cell)

70 BEQ = BEB1 * BS
REQ = (1. E+15 * MUO/BEQ)**THIRD
ZETA = S12 * REQ * RHOKK(NSCEL)
CALL DEPO(ZETA, DIV,ANEE,ANEI)
IF {IFLGS.EQ. 1) GO TO 75
GRSBOT = GR(NSCEL - 1)
LK = MOD(NSCEL,NCELZ)
IF (LK.EQ. 1) GRSBOT = RE + HABOT
NSCOL = (NSCEL - 1)/NCELZ + 1 :
SRVOLS = (GR(NSCEL)**3 - GRSBOT**3)*THIRD 4
EPSMAS = EPSLN/(SRVOLS * STER(NSCOL) * RHOKK(NSCEL))
QEE(NSCEL) = QEE(NSCEL) + ANEE*EPSMAS
QEI(NSCEL) = QEIINSCEL) + ANEI*EPSMAS
ENEE(NSCEL) = ENEE(NSCEL) « ANEE
ENEI(NSCEL) = ENEI(NSCEL) + ANEI

. b

WRITE (6, 908) N, M, BEQ, REQ, S12, NSCEL,IV,JV, KV,NVCEL,QCV,QLV,
GRV,HAV,ZETA,ANEE,ANEI

908 FORMAT

75Y

F)

[ Test for terminating field-line track 1

< 75 IFLGS.EQ.0 .AND. IFLGV. EQ. 1 >l———*
iF ——
T 100,
( IFLGS. EQ. 1 .AND. HAV. LT. HABOT /H_ﬁ_*_.\@
37
< EL(IWK). EQ. 0.0 >l |

I D

Establish initial conditions for next-cell track. Zero cumulative stepping distance in {
altitude SDH and determine next altitude step Dil to be held constant during traversal j

of next cell.

GCLS = GCLV $§ GCS = GCV $ GLS = GLV {

HAS = HAV $ HASIM = HAVKM § GRS = GRV

IFLGS = IFLGV $ 15 =1V § JS=JV § KS =KV

NSCEL =NVCEL $ Snifi=0.0 $ KDLL,.=1 § DLFACT =80
CALL BFIELD(GCLS, GLS, HASKM, 5, DIPS, DECS, COSCHI)
DH = DL * SIN(|DIPS )

_—‘__B'Oi; T e, — RS 4""'

()

Fig. 10. (Continued).
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3 S e —— \
U\t FARZO-CHOTEY parameters « l s 4 — _ Se range-cnergy parameters of |
i P = EY |

oxygen i mtrogen for wn-leak IMAB = 0 \)-l - n nitrogen for loss- |
l —— 2 cone particles
AL PHA A'!’!Hl\hf'l:\ BETAL | AlHlA ALPHA2$ BETA = BE ’IA"

e

=
npute reduce: d range ZETAF w1 '.'nn cell \bu-'

FACIOR = 0.5 * m I'A * BA/SEM
AB=1./BA § AB2=AB *AB
ZETAY = ZETA ¢ FACTOR

RSN, IR

Compute cell-exit energies (eV) of particles in loss-econe or 1on-1 energy hn*tn'rx n, their traversed
range, and — if not exiting — their stopping altitudes and g aphte coordinates. ‘_J
Compute reduced range ZETAF1 of incoming pu‘llClC with ru'm ed energy [- h(i D. Imtialize exit energy|
EE(I) of Group-I particle. J
____________ = DO20 I-1,iWK
EIRED = BA * SQRT(EL1))

ZETAF] = EIRED - ALOG(1.0 + EIRED)
EE(I) = 0.0

' e
]

L Compare particle range ZF 1~\H with cell p"'x length ZETAF i

. mE. L

— - . § e
Compute cell-exit energy of }<L\\l_‘ IAF. GE T »\ EL(I) = 0.0 —\
panlc\e:_!i._f (. s ‘] _ ~— —A;l.:r- ——TF#
A |
ZETEIR - ZETAF, EIRED o —15 |
DZETA O 0 J
TERM = SQRT(2*ZETEIR+1) - 1 | _‘A{w o A - D ‘
FEFOTE = 2(1+EIRED)(ZETEIR |
-TERM)/EIRED ; O N <*7Y‘___ =
CT _"i R T Compute altitude and geographic coordi- |
—— - — nates of stopp point of ticle. Com-
FEFOTE > 0.001 }-] — pute range ZETAI of incoming particle
—_— with energy EL(I). Est te decrement

!F in altitude DELHEKM by with ratio
e ]

f ranges. Subtract decrem from
EE(I) = Au')\(“m‘mZ ~ 2 EIRE ”z | of ranges. Subtract decrement )"

cell-entrance altitude. Call CONJUG to
*(14EIRED)XTERM] ohtain geographic north latitude and east
longitude of stopping point. Convert to
aphic colatitude. Convert altitude
m km to em.

ZETAI = ZETAFI/FACTOR {

DELZET
ESQR1

- ¥ ) DZETA(I) = ZETAI [
BEI= AR '“Q'”L R DELHEM = (HASKM - HAVEM)*ZETAT
e T 3 ZETA ;
ISR ROE =" HVEKM = HASKM - DELHEM i
105 CALL CONJUG(GCLS, GLS, HASKM,
F /EKM, 1.0, GCLE, GLE, S12, ‘
) —— HVERM, 1.0, GCLE GLE,S12. |
= GCE = HALFPI - GCLE \
HVE = HVEKM * 1. E5 ‘
QNKDIV = QNE(I) * DIV ‘
WIITE(6, 11) NSCEL, 1, QNKDIV, GCE,
GLE, HVE
11 FORMAT
[ GO TO 20
= e Bren e’
e ERSCEME=ToE B sl 20 CONTINUE J
| — — Y__ S S
‘\.,‘v\ )

Fig. 11. Flow Chart for Subroutine DEPO(ZETA, DIV, ANEE, ANEI).
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Sum over loss-cone or 1on-leak energy groups for contributions to
energies (eV/cell) from elastic and inelastic collisions.

NEI = 0.0 § FACT = DIV * ALPHA/SM

-

< EL(I) = 0.0 >I,,,,_____
-if a0

r
1
|
|
!
I
|
: FACTI = FACT * QNKI(I} * DZETA(I)
!
|
!
!
I
|
-

ANEE = 0.0
=1

$ A
——T DO301 , IWK

ANEE = ANEE + FACTI
ANEI = ANEI + QNK(I) * (EL({I) - EE(I)) - FACTI

............. =

Use the cell-exit energy EE(I) of a particle as the |
celi-entrance energy EL(I} for the next cell.

i

(~DO 40 I - 1,IWK

I EL() = EE(D)

40 CONTINUE
MEA

¥
<& IFLGV - 0 T o rvmw
;_ ____. —_—

Compute the lnss-conc or ion-leak energy leaving
the grid.
7~DO S0 I =1,IWK
i ELEFT = ELEFT + EE(I) * QNK(I) * DIV
50 CONTINUE

( RETUR \)

Fig. 11. (Continued) ‘
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cles.

Compute reduced cell-entrance and cell-exit ranges from event
point,

Use range-energy parameters of oxveen in nitrogen for CHEX parti- ]

Use FACTOR to convert range (g/cm<) to reduced range.

ZETAF1 and ZETAF2.

ALPHA = ALPHA1 $§ BETA - BETA1 § BA = BETA 'ALPHA
FACTOR = 0.5 * BETA * BA'SM $§ AB=1./BA $§ AB2=AB*AB
DELZ21 = ZETA2 - ZETAL

ZETAF1 = ZETA1 * FACTOR $ ZETAF2 = ZETA2 * FACTOR

1

Compute cell-entrance and cell-exit energies (eV) of partxgles in
CHEX energy histogram and their traversed ranges (g cm<). Com-
pute reduced range ZETAFI of particle with reduced energy EIRED.
Initialize cell-entrance and cell-exit energies EI(I) and EO(I).

[TT| DO20 I=1,IWK

EIRED = BA * SQRT(EC(I))

ZETAFI = EIRED - ALOG(1.0 + EIRED)
EKI) =0.0 $§ EO(1) = 0.0

Eig. 12,

!

<ZETAF1.GE ZETAFI “>e2 DZETA() = 0.0 \._._]
AL ]

3

Compute cell-entrance energy of parucle, EI{{).

DELZET = ZETAFI - ZETAF1
ESQRT = FZET(DELZET,IFG)

EI(I) = AB2 * ESQRT * ESQRT J
Y10 [ :
15! . _ ZETAFI
<ZETAF2AGE.ZETAFI >>TDZ”"”' = FACTOR
| - ZETA1
|

Compute cell-exit energy of particle, EO(I). |

, DELZET = ZETAFI - ZETAF2
ESQRT = FZET(DELZET, IFG)
| EO(I) = AB2 * ESQRT * ESQRT
DZETA(I) = DELZ21
\ GO TO 20

St

—~.

'

AR T |
________ 20 CONTINUE |
SR

A

LA
N

/ \

Flow Chart for Subroutine CHXDEP(NCE L).
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Sum over CHEX energy groups for contributions to specific energies
i

(erg/g) from elastic and inelastic collisions.

ANEE = 0.0 $§ ANEI=0.0 § FACT = ALPHA/SM

DO 30 I=1,IWK

'

& EII) = 0.0 T
*F

FACTI = FACT * CNK(I) * DZETA(I)
ANEE = ANEE + FACTI

e ]

ANEI = ANEI + CNKI(I) * (EI{I) - EO(I)) - FACTI

30

_______________ 30 CONTINUE

Convert from eV/sr to erg/g

joacs]

GSR = RHOKKINCEL) * (SRO**3 - SRI**3)/3.0
EPSGSR = EPSLN/GSR

CEE(NCEL) = ANEE * EPSGSR

CEI(NCEL) = ANEI * EPSGSR

o N
o)

Fig. 12. (Continued).
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9. UV DEPOSITION

The total computation of UV deposition requires Subroutine
EUXFIT for finding the energy in each of the five Group-U subgroups,
Subroutine PLINE for tracing ray paths from the event point through the
center of each of the cells in the HAG, Subroutine PINT to compute
integrals of mass density and species number densities along these ray
paths, Subroutine BEDGE to find the radius (B-edge) within which only
atomiec ions are formed and to compute line integrals of species densi-
ties within the B-edge, Subroutine PHEAT to compute the photon fluences
of the Group-U subgroups and to compute the total pressure due to the
Group-U energy deposition (and to combine it with the original pressure
and that due to Groups X and H), and Subroutine PCHEM to compute the
prompt chemistry associated with the Group-U deposition (and to com-

bine these results with those due to Groups X and H).

9.1 COMPUTATION OF RAY PATHS THROUGH THE HAG
(SUBROUTINE PLINE)

911 Introduction

Subroutine PLINE traces ray paths through the HAG. A ray
path starts at the event point, passes through the center of a selected
HAG cell regarded as a target cell, and ends as the ray leaves the target
cell. We must compute the length of each of the line segments formed
by the intersection of the ray with the intervening cell boundary surfaces.
Target cells are selected by Subroutine PROMPG by systematically

looping over all the cells in the HAG.
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9.1.2 Transformation from the Quadrupole Coordinate System to
the Associated Geocentric Cartesian System

In Volume 16, we have introduced the quadrupole coordinate
system and given many of the details. Here, as shown in Fig. 13, we
need to convert from quadrupole coordinates (quadrupole colatitude ©
and quadrupole east longitude 6) and geocentric radius r to the corre-
sponding geocentric cartesian system in which the Z axis is through the
quadrupole north pole and the X axis is through the quadrupole west

pole.

The required transformation equations are

X = r sina ces &
y = r sina sin 6
Z = L COS & ,

where sin a is obtained by first applying the law of sines to triangle
P-QN-QW to obtain

sin © sin 90 /sin A

sin a
9 \%
sin o/(l - cos A)

I

and then the law of cosines for angles to obtain

COS A = - coS ¢ cos 6

so that
2 2 2
sina = sin q:/”(l - cos ¢ cos 8)

We also have
-

<

cos a = SIGN(1.0, cos ©) (1 - sinza)
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Fig. 13. Diagram Illustrating the Transformation from the Quadrupole
Coordinate System to the Corresponding Geocentric Cartesian
System.




9.1.3  Cell Shape
As explained in Volume 16, for a cell in the HAG, the top
and bottom surfaces are geocentric spherical surfaces and the four

sides are meridian planes.

9.1.4 Basic Formulas for Slant Range from a Given Point
to a Cell Boundary

There are three basic formulas, each one corresponding to the
intersected boundary being (a) a top or bottom boundary, (b) a quadru-
pole colatitude boundary, or (c) a quadrupole east longitude boundary.
The first case affords more complication than either of the remaining

two, each of which is similar to the other.
The quantities we have as input are:

a. Event-point quadrupole coordinates and, hence, cartesian
coordinates

b. Target-point quadrupole coordinates and, hence, cartesian
coordinates

c. Lateral cell-boundary quadrupole coordinates and top and
bottom geocentric radii.

In each of the three types of boundary cases, the ray from the
starting point (usually the event point, denoted by ?1) through the target-

cell center (denoted here by ?3) is specified by its direction cosines,

Ccos a = (x3 - xl) r

cos B = (y'3 - -"1)'/1'13

cos y = (23 -2z, )/r
where

‘13 ° [‘xs "%y

L

1
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9.1.4.1 Slant Range of a Ray Intersecting a Cell Top- or

Bottom-Boundary.

Consider a Point 2 with geocentric radius ry on

the ray P1P3, shown in Fig. 14. The angle 6 between the vectors FI
= -

and ?12 =Ty- Ty is specified in terms of the direction cosines of the
unit vectors i‘l and f12 by the relation
X y z
P, ¥ =cosf>:——1cosa+—1crosﬁ+—1cosy
1 ry ry ry

From the right triangle OPP

or

S2

GR2 -

GR12 =

: cos CoS )
Xy COs & +y, ﬁle Y

P

2

2+ y2 42D
X]+ V] + 2]

9 in Fig. 14, we have

; 2 2
- o & = &
(11 sin 8)7 + (11 cos 0 + 112) ry

DSRR = r,, = - 52 + FGR /W82
- (s2)% + (GR2)? - GR12
= 1y cos 6
— 1‘2
2
=Ty

and FGR is chosen to select the positive root or the smaller of the two

positive roots.
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Fig. 14. Geometry Used in Deriving Slant Range of a Ray
Intersecting a Cell Top- or Bottom-Boundary.
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9.1.4.2 Slant Range of a Ray Intersecting a Cell North- or

South-Boundary (Specified by Quadrupole Colatitude). In this case we

are given the quadrupole colatitude (@2) of the Point 2. In Fig. 15, the
line segment PIP is projected onto the YZ plane. Thus,

2
i g S1n<,02 : 2 . y1+r12 cos B
2 cos g92 z2 zy + r12 cos ¥
or
y, COS ©, - Z, sin @
BERC = B0 = e L 2

12 coS ¥ Sin 902 - cos B cos cpz

9.1.4.3 Slant Range of a Ray Intersecting a Cell East- or

West-Boundary (Specified by Quadrupole East Longitude). In this case

we are given the quadrupole east longitude (62) of the Point 2. In

Fig. 16, the line segment PIPZ 1s projected onto the XY plane. Thus,

- Sln@2 Vs 4 Vq * Tyg cOS B
“‘“"z‘cose " X, X, +r,.cCOs«
2 2 1= by
or
y, cos 8, - x, sin 6
PDSREL = © = 1 2 1 2

2 CcOS ¢ Sin 82 - cos B cos 62

9.1.5 A Caution for Energy Deposition in the Event-Point Cell

The nominal cell heights for both SATHYD and NRLHYD, under
both initial and rezone conditions, are given in Tables 2 and 4 of Volume
0. From these tables it is seen that the cell thicknesses for

moct of the cells (and especially for the lower-altitude cells) are much

smailer than the typical horizontal dimensions of the columns which mayv




R el o
:1‘12 cos ¥ __’,,-——.— // l 2
- | t
L — — —— /
Pt o // : l
S 1 o :
¥ iz
~
p = :
"6 / i
1 2 :
3 |
< , Y :

Fig. 15. Geometry Used in Deriving Slant Range of a Ray Intersecting
a Cell North- or South-Boundary (Specified by Quadrupole ,
Colatitude 63). The segment P1Pg is projected onto the YZ :
plane.
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Fig. 16. Geometry Used in Deriving Slant Range of a Ray Intersecting
a Cell East- or West-Boundary (Specified by Quadrupole
East Longitude 69). The segment P1P9g is projected onto
the XY plane.
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be on the order of 100 km. For a small-energy event in the lower-
altitude cells, it would be quite possible to put more energy into a cell
than was available from the event, owing to using a path length that was
unrepresentatively small. We tried an interim procedure to relieve this
situation, but the undesirable side effects led us to delete the procedure.
Thus, we alert the user to this potential problem which deserves review

and more study.

9.1.6 Directional Flags and Indices of Next Set of Boundaries
to be Intersected

In Subroutine PLINE we use the following directional flags:

Index Value Ray Moves
e D
mwe !
TN

The initial value of KINC is saved as the variable KINCO.

The indices I,J, K are used to denote the next possible set of
boundaries to be intersected by the ray. In starting from the event cell

(IEC, JEC, KEC), these boundary indices are initially defined as
I = IEC - (1 - IINC)/2
J = JEC - (1 - JINC)/2
K = KEC - (1 - KINC)/2

A value of 1 (instead of 0) for the flag IEND denotes that the

last step in the line integral has been reached.
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The index Il is used to denote the number of boundaries inter-
sected by the ray from the event point to the exit boundary of the target

cell.

(2 o Flow Charts of Subroutine PLINE

Figure 17 is a simplified flow chart of Subroutine PLINE which
includes calls to Subroutines PINT and BEDGE. Figure 18 is another
simplified flow chart of Subroutine PLINE that gives information only

about the computation of the ray-path segments.

9.1.8 Miscellaneous Functions of Subroutine PLINE

Other miscellaneous related tasks performed by Subroutine
PLINE include the following:

Set Group-U subgroup index (IGROUP) to 5.

Zero integrals (SNR2(L), FLUX(L), L=1,5) computed in
Subroutine BEDGE.

c. Zero integrals (SN2INT, SO2INT, SNINT, SOINT, RHOINT,
O2INT) computed in Subroutine PINT.

d. Set flag (IUFLAG) denoting whether or not the B-edge has
been passed.

e. Zero integral (SR) for distance from event point to cell
entry-point.

9.2 COMPUTATION OF INTEGRALS OF SPECIES NUMBER
DENSITIES AND MASS DENSITIES ALONG THE RAY PATH
(SUBROUTINE PINT)

For the line path SRN calculated by Subroutine PLINE, Sub-
routine PINT integrates the species number densities and mass densities

as follows:
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l Determine direction cosines of ray from start-point through tarper poant.
|

4 L

Set directional flags indicating whether ray goes south or north, east or we
or down. Set indices of next boundaries to be intersected.

i st

Compute first set of slant ranges (DSRC, DSRL, and DSRR) from event nos 1
cell boundaries (colatitude, longitude, and geocentric radius).

5 o e

L e
{ E End of line integral >7F_ — -
110,20 ¥ T L A
DSRR Sh)rNSRL shortest >»{ DSRC shortest |
e g -
| T - e,
190 260 ¥ 280y \
bssr_ | e o gl [ :
SRN = DSSR r SRN = DSRL [ SRN = DSRC | SRX = Min
CALL PINT CALL PINT { CALL PINT | | DsT
L————f — ES e el ’ CALL ™%
Compute DSRR l Compute DSRL | Compute DSRC |
to opposite ‘ to opposite | | to opposite ‘
boundary of cell| b»undar,\' of cell | | boundary of cell | !
R 2n waedl S pam |
|
——
K | ol |
Compute vertical index K of cell in new £
column traversed by ray. { J
— ) ‘
W o LN C 5 e | R
. ,E“Oi“ -
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390 ¥ f S
301 T
[_E‘ALI, BEDGE { l
e
e e e e T R i e e, 1) End of path >3 - i I

Fig. 17. Simplified Flow Chart of Subroutine PLINE, Including
Calls to Subroutines PINT and BEDGE.
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Compute direction cosines (CSALP, CSBET, and CSGAM) of ray from event-point
(QLX, QCX, GRX) through target-cell (IP, JP, KP) center and 52 and S4.
T e e ad

'

Set directional flags (IINC, JINC, KINC) and indices (I, J, K) of next boundaries to be |
intersected. ]

4

T = iy teees B

e

_Y_— “~_F =3
< QL@WP)>QLX >—————p JINC=-1 |
DR EmO S . L -

J =JEC - (1 - JINC)/2

[INC = 1 ;
-
N ) L WSy
< acam>qcx SE ol mNc--1 |
N W e e ]
G I

gl T N % |
20 s

I=IEC - (1 - IINC/2)
KINC = 1 |

( (GR2)*> GRX)® « sR12)*  F el kNC=-1 |
T i

—— ]

\

r K = KEC - (1 - KINC)/2

-

Save initial value of KINC. |

—

S

KINCO = KINC ‘.
Compute WS, WS1, WS2. J

A /

Fig. 18. Simplified Flow Chart of Subroutine PLINE. Only steps

pertaining to ray-path segments are shown.
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their extensions).
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Fig. 18. (Continued).
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Fig. 18. (Continued).
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SN2INT = f IN,Jdr , cm
A 2

SRN -9
SO2INT = f [02] dr cm
0
SRN s
SNINT = f [N]dr , cm
0
SRN !
SOINT = f (O]dr , cm
0
SRN 9
RHOINT = f O de g/cm
0

SRN 9
O2INT = f pO dr g/em
0 2

The variables for these integrals are zeroed in Subroutine PLINE. Over
a ray segment between SR and SRN, the corresponding contributions to
the integrals are, respectively, DSN2I, DSO21, DSNI, DSOI, DHROI,
and DO2INT. SPECIE(I) denotes the concentration of NZ' 02. N, and
O, respectively, for I =1,2,3, and 4.

When the properties of a particular cell are needed to perform
the integrals Subroutine PINT calls Subroutine ECRD and transfers

quantities 2 through 11 from large core memory to small core memory.
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9.3 COMPUTATION OF THE ATOMIC-ION REGION (B-EDGE)
FOR GROUP-U PHOTONS (SUBROUTINE BEDGE)

9.3.1 Introduction

As Subroutine PLINE computes the ray path from the event
point to a target point, Subroutine BEDGE is employed to determine the
radius (SRR(2)) of the edge (B-edge) of the region within which Group-U
ionizing photons are very strongly absorbed and produce entirely atomic
ions. Subroutine BEDGE also computes (a) the line integrals, from the
event point to the B-edge, of the Oz-mass density (O2U) and of the
species densities of N2 (SN2U), O2 (SO2U), N (SNU), and O (SOU), and
(b) the number of ionizing-photon absorptions per steradian that are re-

quired to produce atomic ions alone for Group-U Subgroup-L (SNR2(L)).

9.3.2 Simplified Description of the Essence of Subroutine BEDGE

To simplify the description of the essence of Subroutine BEDGE,

we introduce some terms, not all of which are used in the routine.

PHOTON(L) = Number of Subgroup-L photons emitted per steradian
from the source.

PHOTAB(L) = Number of Subgroup-L photons per steradian used in de~
veloping the radius of the B-edge up to its current
radius Rc’

ABSORP = Number of ionizing-photon absorptions per steradian re-
quired to increase the radius of the B-edge from its
current value R(’ to R.

XMUBAR(L) = Mass attenuation coefficient ((‘m2 a) for Subgroup-L
photons in Cell NCELS with neutral-particle mass-
density RHON(NCELS).

4
D SPECIE(I) * SIGU(L, 1)
i1

RHON(NCELS)

(I=1, 2, 3, 4 denotes N Jay Ni G

90 Y9
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EVEN = Number of absorptions per cubic centimeter required to
get atomic ions.

2 4
=3 Z SPECIE(I) + Z SPECIE (I)
=1 1=3

EVNPG

Number of absorptions per gram required to get atomic
ions.

EVEN/RHON(NCELS)

If we want the Subgroup-L photons to produce all atomic ions
at radius R, then the condition to be satisfied is

PHOTON(L) - PHOTAB(L) - ABSORP

R2

< XMUBAR(L) = EVNPG

Now, multiply both sides of the equation by Rz (XMUBAR(L) * EVEN)
and define a new function EDGE (L) to be the difference between the right-

and left-hand sides:

Rz X EVNPG

 XMUBAR() - |PHOTON(L) - PHOTAB(L) - ABSORP|
EDGE(L) = Bl

A positive value for EDGE (L) is the steradianal volume in excess of that
for which the Subgroup-L photons can produce all atomic ions. A nega-
tive value for EDGE(L) is the steradianal volume beyond radius R that
the Subgroup-L photons can produce all atomic ions. A zero value for
EDGE (L) means that the Subgroup-L photons have produced atomic ions
exactly to the radius R.
If we recognize the fact that
3 3

ABSORP ey R
EVEN 3 ’
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then we can write EDGE(L) as

EDGE(L) = AgR" + AR + A
where
Ag = 1/3
By = 1/[RHON(NCELS) ¥ XMUBAR(L)|
RS
_ PHOTAB(L) - PHOTON(L) "¢
o EVEN 3

The equation
3 X EDGE(L) = 0

is solved for the radius R by using the standard Newton-Raphson itera-

tion formula:

EDGE(L, R,)
R s B
il I d[EDGE(L,R,)]/dR,

9.3.3 Flow Charts of Subroutine BEDGE

Figures 19 and 20 are simplified and detailed flow charts of
Subroutine BEDGE.

9.4 COMPUTATION OF GROUP-U SUBGROUP FLUENCES AND

PROMPT HEATING (SUBROUTINE PHEAT)

For each cell in the HAG, Subroutine PHEAT computes the
photon fluences of the Group-U subgroups and the total pressure due to
the Group-U energy deposition and then combines this pressure with the
pre-event pressure and the pressures due to Group-X and -H energy

depositions.
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L Compute EDGE (SRN, L=5) ]

< SRN > SRI(L-5) F%\/ RETURN )

Y |

o
-

|

LEstxmate B-edge radius (SR1) -]

e

,iewton iteration method for B-edge radius (SHI(L)‘)J
Q SRB < SRJ < SRN ToE = Bisection method
s for new SRI
@ Sl
(SRI - SR1)/5Ri ~ 0. m
v
el ' "
> 20 iterations >
'r'[" Ty &
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Lokt - ]
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ot '}' el R
( RETURN \

N

Fig. 19. Simplified Flow Chart of Subroutine BEDGE.
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SR = entry radius to cell; SRN = exit radiwus.
EVEN = absorptions (cm™) required for atomic 1ons.

SRN3 - (SRN)} § SR3 - (SR)® $ SRB = SR
EVEN = 3[SPECIE(1) + SPECIE(2)] + SPECIE(3) + SPECIE(4)

{

Start with Subgroup 5 (hirhest-energy of four ionizing Subgroup-L
photons). L, known as IGROUP in code, 1s set to 5 in Subroutine
PLINE.

1< S

F,

Compute EDGE (em¥/sr) for L = 5 and save.

EDGE = -~ (3/EVEN) WU(5)/ERGU(5) § BEB(5) = EDGE

3

Compute absorptions (sr'l) required to create atomic ions across
cell (DSNR2). RHOSUM(¢/cm3) - neutral-particle mass density.
EVNPG = absorptions (g”1) required for atomic ions
X.MUBAR(cmz/g) = mass attenuation coefficient for Subgroup L.

DSNR2 = EVEN(SRN3 - SR3)/3
RHOSUM = PMNIT|2 x SPECIE(1) + SPECIE(3)]

+ PMOXY(2 * SPECIE(2) + SPECIE(4)]
EVNPG = EVEN/RJK)SUMq

XMUBAR = (1/RHOSUM) ) [SPECIE(I) * SIGU(L, )]
=1

-

Fig. 20. Detailed Flow Chart of Subroutine BEDGE.

94

b —————— @/  ——— oo — ———




L OE

Initialize absorptions (sr“l) up to radius SRB for Subgroup L.
RHOBOT = SNR2(L) $ SRB3 - (SRB)3 $ Dctour if source-energy L. not positive.

e = T
WU(L)> 0 ‘>’L M - s SRl =SRB }-1O B )
47 — -

Save EDGE, SRB, and SRN. Compute new EDGE at radius SRN. Save EDGEO, \m;
and SRN for use in Bisection Method, if necessary.
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and SRN (corresponding to EDGE-value of EDGE). Zero iteration counter (M).

60 70
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Have Sy »
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|
= ]

Fig. 20.
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Y20 et
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3
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¥ ' T B Sy
SRI = Min(SR1, Y
XB = SR1 ——~P~<-~ESH S F ,‘
70 % __J | ]

SRI - 0.5(XA « XD) |

F

SR1 = SRI ]
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2

SR1 < SRB Ji_-—~>{ SR1 = SRR |
< b LN B o

F ']"—
\

Compute line integrals up to B-edge radius SR1 for Subgroup L.

SR13 = (SR1)3 $ DEL = SRI - SR $ 02U = O2INT - DO2INT + 2 X PMOXY » SPECIE(2)
X DEL

SNR2(L) = SNR2(L) + EVEN X (SR13 - SRB3)/3

SN2U = SN2INT - DSN2[ + SPECIE(1) X DEL § SO2U = SO2INT - DSO2{ + SPECIE(2)
x DEL

SNU = SNINT - DSNI + SPECIE(3) X DEL $ SOU = SOINT - DSOI + SPECIF(4) © DEL

r—g————

——te )

7y

Shift to next lower-energy subgroup, L-1. Preserve B-edge radius for Suberoup L.
If all four ionizing subgroups used, set flag IUFLAG to denote B-edge radius 1s within
cell.

L=L-1 $ SRR(L+ 1) =SRI

|

i :

I L=1

L i el

Compute absorptions (sr-1) required to create atamic ions across remainder of cell
(DSNR2). For Group L, compute XMUBAR and EDGE at B-edge radius SR1 for
Subgroup-(L+1). Reset SRB to SRI; preserve EDGE. I{ EDGE <0, Subyroup L can
increase B-edpe radius; if EDGE 2 0, Subgroup L cannot increase B-educ radius, so
loop to next lower L after saving EDGE.

|

DSNR2 = EVEN x (SRN3 -45R13)/3

XMBAR = (1/RHOSUM) 2 [SPECIE(J) » SIGU(L,J)] § RHOSRI = 0.
J=1

e
3 [sr1)® x EVNPG ) wu(1)
= EVEN | XMUBAR _ * RHOSRI - g 11}

SRB = SR1
BEB(L) = EDGE

EDGE

75
u——»l IUFLAG = 0 }”,_____,‘ i

5 = e
EDGE<0  >¥  m!BEN(L) = EDGE
S— e e 8

&)
L RN
Update SNR2(L); save EDGE. I

BNRZ(L) = SNR2(L) + DSNR2 $§ BER(L) = EDGE ]

‘} 90

Return to PLINE b
( J

Fig. 20. (Continued).
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9.4.1 Group-U Energy Deposition and Fluences

In computing the Group-U energy deposition (erg/g) in a target
cell and the Group-U photon fluences (photons/cmz), we treat three
cases:

Case 1 (B-edge radius (SRR(2)) smaller than target-cell entry-radius
(SR))

We use the difference of the incident and exit values of the
steradianal energy fluence for each Group-U subgroup, divided by the
éorresponding steradianal mass for the cell. We treat dissociating

(Subgroup 1) and ionizing (Subgroups 2-5) separately.

For Subgroup 1,

wU(1) -XMU1XO2IN -XMU1X020UT
‘ . |

3

0/3) @, - R)

DAIX(1) =

’

where )ﬂ\/lUl(cmz/g) is the mass attenuation coefficient of O2 for
Subgroup-1 photons, O2IN and O20UT are the areal mass densities of

O2 from the B-edge to the entry and exit points of the target cell.

The energy available for hydro due to Subgroup-1 absorption is
DAIXU(1) = PREFF(1, 2) X DAIX(1) ,
where PREFF(1,2) is the pressure efficiency of O2 (Species 2) absorbing
Subgroup-1 photons.

For the target cell, the effective photon fluence for Subgroup 1,
consistent with the energy deposition, is
p DAIX(1) ¥ 2 x PMOXY

o ERGU(1) X SIGU(1, 2)
2

FLUX(1) =

R DAIX(1)
" [o,] ERGU*SIGUL,2)
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since

1 _ 2x PMOXY

[02] Po

2

For Subgroups 2 through 5, the Subgroup-L energ; absorbed

per gram is

DAIX(L) = WU(L) - ERG:ISJ(L) X gNRZ(L) {e-SUMIN(L) y e-SUMOUT(L)} :
P/ Ry = Bep)
where
4
SUMIN(L) = ) SPECIN(J) x SIGU(L, J)
J=1
4
SUMOUT(L) = ) SPECOUT(J) % SIGU(L, J)
F=1

and SPECIN(J) and SPECOUT(J) are the areal densities of the J-species

from the B-edge to the cell entry-point and exit-point.

For Subgroup L, the average pressure efficiency for a target

cell is defined as

4
Z PREFF(L, J) ¥ SPECIE (J) * SIGU(L, J)
PEFBAR(L) = J=1

7
E SPECIE (J) x SIGU(L, J)

The energy available for hydro due to Subgroup L is

DAIXU(L) = DAIX(L) x PEFBAR(L) .
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For the target cell the effective fluence for Subgroup-L photons,

consistent with the energy deposition, is

DAIX(L)
ERGU(L) X XMU(L)

FLUX(L) = 4"
ZPJ
B

where

4
D SIGU(L, J)  SPECIE(J)
=

3
2Py
J=1

XMU(L) =

The total Group-U energy available for hydro is the sum of that
for Subgroup-1 and that for Subgroups 2 to 5, i.e.,

5
DAIXU = », DAIXU(L)
1=

Case 2 (B-edge radius (SRR(2)) greater than target-cell exit-radius
(SRN))

Inside the B-edge the internal energy is set by the expression
DAIXU = SPINT

where SPINT is set in Block Data BLOCKH. The HARC code used a

value of 2.07 x 1012 erg/g, which we have reduced by a factor of 10,

since 2. 07 * 1012 erg/g corresponds to
2. 07 X 1012 erg/g =23 eV
= ~—= 2.325%10 " g/nitrogen atom = 30.08 T e
1.6~ 10 erg/eV nitrogen atc
eV

= 15.04

charged particle




where [charged particle] = {[N+] T [e]}. This energy per charged parti-
cle corresponds to a temperature of about 10 eV since the Kkinetic energy
per particle is (3/2) kT. Thus, we have assumed that the particles
inside the B-edge have a temperature equal to nearly 1 eV. We are
neglecting the difference between the oxygen and nitrogen mass, but this
approximation is satisfactory since the assumed value of about 1 eV is

somewhat arbitrary.

We have no need for the Group-U fluences at a point inside the

B-edge since it is assumed that only atomic ions exist there.

Case 3 (B-edge radius (SRR(2)) between target-cell entry-radius (SR)
and exit-radius (SRN))

To obtain the specific energy available for hydro, we use a
volume-weighted average of the values for the two portions of the cell
inside and outside the B-edge. For the cell portion inside the B-edge,
the specific energy is equal to SPINT, as in Case 2. For the cell portion
outside the B-edge, the specific energy is determined in a manner simi-
lar to that for Case 1.

Again, we treat dissociating and ionizing subgroups separately.
For Subgroup 1 in the cell portion outside the B-edge, we have
wu(1) |, _ -xMuU020UT|

3 3 :
(p/3)(Rout g Redge) ! ‘

DAIX(1) =

where the subscript 'edge' denotes B-edge and the subscript 'out' has

the same meaning as in Case 1.

For Subgroups 2 through 5 in the cell portion outside the B-edge,

the Subgroup~L energy absorbed per gram is




WU(L) - ERGU(L) x SNR2(L) |
3

3
(9/3) (Rout T Redge)

DAIX(L) =

2 e-SUMOUT(L)%

where SUMOUT(L) is computed just as in Case 1.

The energy available for hydro due to Subgroup L is computed

just as in Case 1.

The total Group-U energy available for hydro in the cell por-
tion outside the B-edge is, as in Case 1, the sum of that due to the five

subgroups.

The weighted average of the values of the deposited energy

available for hydro in the two portions of the cell is taken to be

DAIXU = W1 X SPINT + (1 - W1) % DAIXUto

average tal

where
b 3\ /.3 3 )
N (Redge : Rin)/(Rout =By

For the cell portion outside the B-edge, the effective photon
fluences for Subgroup 1 and for Subgroups 2 through 5, consistent with

the energy deposition, are computed just as in Case 1.

9.4.2 Pressure To Be Used for Hydro

In Subroutine PHEAT, the pressure computed from the equation
of state [p = (y-1)pe€] by using the total specific energy available for
hydro from the deposition of the Group-X, -H, and -U energies, is cur-
rently interpreted as the total pressure. However, an electron pressure,
Pe
a common temperature is found for the electron kinetic temperature,

= n, kTe, is implied by the computation in Subroutine PCHEM where

the N2 vibrational temperature, and the O(lD)-to-O(BP) population ratio.




It is possible that a negative value for the heavy-particle temperature
obtains when the electron pressure is subtracted from the total pressure.
Our interim procedure in Subroutine PCHEM by which we insure no
negative value for the heavy-particle temperature needs to be reviewed

and improved.

As an interim measure we have adopted the HARC procedure
for limiting the amount of specific energy when the various contributions
are added to obtain SPINTN; however, the limiting term has not been
derived and needs to be reviewed and improved. Another possible
shortcoming is that the current procedure permits adding energy to a

region within a B-edge for a previous event.

9.4.3 Flow Chart for Subroutine PHEAT

Figure 21 is a detailed flow chart for Subroutine PHEAT.
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Group-X Energy Deposition

Provide special treatment if target cell 1s event cell.
EMOUT = RHOINT § If target cell = event cell, go to 5.
EMIN = ENMOUT - DRUOI § CALL XTCOEF(EMIN, TBMIN)
GO TO 6 § S TBXIN = 1. $§ 6 CALL XTCOEF(EMOUT, TBXOUT)
SHN3 = (SRN)? § SR3 = (SR)3 $§ GSR(p/sr) = BUF(LOC + 2) x (SRN3 - SR3)/3
DADXX(erg/g) = [EX/(47 GSR)| (TBXIN - TBXOUT) J

E i

IUFLAG, initialized in PLINE and set in BEDGE, is 0 if B-edge radius SRR{2) < SRN
and is 1 if SRR(2) < SRN.

IUFLAG = 0 o

¥ T
’\ SRR3 L(fﬁﬂmz)ﬁ *:]

130 =i ¥ /—*Y
~-~l DAIXU - Mxmxz) OIS
—

120

= '_T
Group-U Energy Deposition

Combine line inte s from PINT and BEDGE. Compute attenuation factors for

Subgroup L entering and exiting cell.

= 4 s

O20UT = O2INT - 02U § O2IN = O20UT - DO2INT

SPECOUT(1) = SN2INT - SN2U SPECOUT(2) = SO2INT -~ SO2U

SPECOUT(3) = SNINT - SNU SPECOUT(4) = SOINT - SOU

SPECIN(1) = SPECOUT(1) - DSN2I $§ SPECIN(2) = SPECOUT(2) - DSO2!

SPECIN(3) =SPECOUT(3) - DSNiI § SPECIN(4) = SPECOUT(4) - DSOI |
4 4

$
$

SUMIN(L) = 3 SPECIN(3)  SIGU(L,J) $ SUMOUT(L) = 9 SPECOUT(J) * SIGU(L, J)
=1 i

. e L o J

3 L T e R
Compute energy absorption DAIX(erg/g) and effective photon fluence FLUX!photon !

cm?) consistent with the energy deposition for each Subgroup I, 1 =1,5. Subgroup 1 is

Oj-dissociating, other subgroups are ionizing.

0 P T

7 -~~-——-L<¥smu2) > SR S

g,

SRR(2) < SR

DAIX(1) = [WU(1)/GSR] [exp(-XMU1 x O2IN) - exp(-XMU1 « O20UT)]
DAIX(L) = }[WUIL) - ERGU(L) * SNR2(L.) |/ GSR{{exp[-SUMIN(L)] - exp[-SUMOUT(L)}

e

Fig. 21. Flow Chart of Subroutine PHEAT.
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40

SR < SRR(2) < SRN

GSR = BUF(LOC + 2) ¥ (SRN3 - SRR3)/3 $§ DAIX(1) = [WU(1)/GSR]{1 - exp(-XMU1 x O20UT)|
DAIX(L) = {{WU(L.) - ERGU(L) = SNR2(L)}/GSR} {1 - exp{-SUMOUT(L)|{

60
SRR(2) < SRN

FLUX(1) = [BUF(LOC+2)/BUF(LOC+11)} DAIX(1)/[ERGU(1) * SIGU(1, 2)]
RHOSUM = PMNIT|2 x SPECIE(1) + SPECIE(3)] + PMOXY([2 x SPECIE(2) + SPECIE(4)]
-DO80 L=25

4

XMUL = (1/RHOSUM) _ SPECIE(J) x SIGU(L, J)

| J=1

80 FLUX(L) = [BUF(LOC+2)/RHOSUM] {DAIX(L)/[ERGU(L) ¥ XMUL]J}

———

Compute specific energy DAIX(erg/g) available for hydro from Group-U deposition. Need average
pressure efficiency (PEFBAR) for Subgroup L.

& l
PEFBAR(L) = | 0 SPECIE(J) X SIGU(L, J) X PREFF(L, 1) SPECIE(J) X SIGU(L, J)|
31 I 1= ]
5
DAIXU = DAIXU + 2, DAIX(L) X PEFBAR(L)
=2

¥ J

o d SRR(2) = SR -,-.>
§F .

SR < SRR(2) < SRN ‘]

Volume-weight specific energies in two portions of cell when B-edge within cell. Inside B-edge, use
SPINT = 2.07E11, set in BLOCKH.

W1 = (SRR3 - SR3)/(SRN3 - SR3) $ DAIXU = W1 x SPINT + (1 - W1) DAIXU J

e T 120/ =N

= »-{ D DAIXU = SPINTP —@V < S}(R(Zm—{ e 3

\ _L‘,._.._.____M e Eiie] Naa
SRS . 130 - )

Add change in heavy-particle energy deposition, BUF2(10), to pre-event specific energy, computed

from equation of state, to obtain SPINTO. Compute new specific energy SPINTN from postulated HARC |

expression which limits the specific enerpy and use equation of state to compute pressure, !
BUF (LOC+15). \
1

SPINTO = BUF(LOC-15)/[GAM1 ¥ BUF(LOC+2)] + BUF2(10)

SPINTN = Min {1, E11[BUF(LOC+2) + 1. 8E~13)/[BUF(LOC+2) = 6. E-15}, SPINTO + 0. 2 DAIXX |
+ DAIXUY

BUF(LOC+15) = GAM1 » BUF(LOC+2) © SPINTN

C Return to PROM PG )

Fig. 21. (Continued).
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10. PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X AND
GROUP-U ENERGY DEPOSITION (SUBROUTINE PCHEM)

Subroutine PCHEM first combines (a) the changes in species
densities due to debris deposition, computed in Subroutine HPCHEM,
with (b) the previous species densities of a cell and then computes the
ionization and species densities from the Group-X and Group-U energy

depositions.

Subroutine PCHEM contains numerous compromises and ad-
justments made necessary by using energy deposition models that are
(a) instantaneous and (b) mismatched with the late-time chemistry

modules.

10. 1 DETERMINATION OF INITIAL SPECIES FOR COMPUTING
THE PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X
AND GROUP-U ENERGY DEPOSITIONS
Before computing the prompt chemistry associated with the
energy depositions of Groups X and U, we must combine the changes in
species densities due to debris deposition with the previous species

densities.

The changes in the species densities and electronic thermal
and excitation energy are stored in the BUF2 array by Subroutine

HPCHEM. These variables are defined in Table 3.

The incorporation of these changes may seem trivial, but it is
complicated by the facts that (a) the late-time chemistry for the HAG
treats all molecular ions as if they are NO' and (b) it is necessary to
appropriately convert the N. and O, produced by the heavy-particle de-

2 2
position into NO . This conversion is made so as to conserve nuclei
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Table 3.

Inputs to Subroutine PCHEM from BUF2 Array for
Those Cell Quantities Updated by Subroutine
HPCHEM as a Result of Debris Deposition.

I BUF2(I)
1 Change in |e], em™>
2 Change in [N(4S)], o
3 Change in [N(zD)'], em™S
4 Change in [O], em™S
5 Change in [N, ], em™3
6 Change in [02], em™3 '
7 Change in [N ], em™
8 Change in [0 "], em™3
9 Change in O excitation energy and electron thermal
energy per new electron (eV/electron)
10 Not used
11 Change in [Ng], em™>
12 Change in [O;], et
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of a given mass number and electronic state but with only partial regard
to energy considerations. The appropriate mass conversion coefficients
are based on the same dissociative recombination products of N_, O;,
and NO' used in the later treatment of Group-X and -U energy deposi-

tions. The assumed dissociative recombination products are as follows

TVolume 117:

Ny +e - N(ts) + N(2D)
+
Oz+e-’ O + O
NO" +e » 0.25N(%s) + 0.75 N(’D) + O

To illustrate this conversion process, we note that if we have
a NO' molecular-ion density equal to [Ng], the number of N(4S) atoms
we get from dissociative recombination of NO' is only one-fourth as
many as from dissociative recombination of N;. Thus, to the initial
density of N(4S) we must add a number equal to 0. 75[N;]. Similarly, if
we have a NO* density equal to [O;], the number of N(4S) atoms we get
from dissociative recombination of NO" is 0. 25[NO+I whereas we would
get no N(4S) atoms from the dissociative recombination of [05] Thus,
to the initial density of N(4S) we must subtract a number equal to
0.25(0,

2J'
. 4 2
To prevent the density of N( S), N(

; and O; to NO+, we appropriately

reduce either the N; or O; (produced by the heavy particles) and cor-

respondingly increase N

D), or O from becoming

negative as a result of converting N

g OT 02. Of course, the electron density must

be reduced to maintain charge conservation when we reduce the density

. + +
of either N2 or 02.
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More details of the steps in converting N; and O; to NO' are

given on the first page of the flow chart for Subroutine PCHEM (Fig. 23).
We assume that [COz] and [He]| are reduced by the debris de-

position in proportion to the [Nz] reduction.

10.2 IONIZATION AND SPECIES DENSITIES FROM GROUP-X
DEPOSITION
Computation of the species densities from Group-X deposition

is done very simply.

1. Use the specific energy absorbed from Group-X deposition
(DAIXX(erg/g)) computed in Subroutine PHEAT and the mass density
(RHO(g/cm3)) to get the corresponding energy density (DELEX(eV/cms)).

2. Assume 35-eV of energy is expended in forming an ion-

pair.

3. Distribute the ions in proportion to the neutral species,
but allow no more than one ion pair per neutral particle. Such a pre-
scription is perhaps unduly simplistic in view of the considerable amount
of information available concerning x-ray and electron energy degrada-
tion in the atmosphere (see, e.g., MS-75, SK-75, TA-74); however, no
reliable prescription is yet available to predict the species for an arbi-

trary initial mix of species.

4. Assume the molecular ions undergo instantaneous dissoci-

ative recombination in accordance with the prescription in Section 10. 1.

5. Assume that [COZ] and [He] are reduced in proportion to
the [Nzl reduction.
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Incorporate Changes from Debris Deposition

Get starting values, denoted by subscript s, fromi BUF and BUF2 arrays.

RHO = mass density, TES = electron temperature, ENES = elcctron density, EN4SS = [Nl"S)L.;,
EN2DS = [N(2D)]s, OATOMS = [O);, EN2S = [Nal;, 02S={G3)s, ENOS =[NOJ, ENPS=[N']s,
OPS = [0*]s, CO20S = |CO2]s, HES = [Hels, AMOLPS = [:wfs.

S
RHO = BUF(LOC+2) $§ TES = BUF(LOC+3) $ ENES = BUF(LOC+4) + BUF2(1)
EN4SS = BUF(LOC+7) + BUF2(2) + 0.75 BUF2(11) - 0.25 BUF2(12)

EN4SS 2 1

v

DENA4SS = (1 - EN4SS)/0.25 $ BF2121 = BUF2(12) § BUF2(12) = BUF2(12) - DEN4SS
BUF2(6) = BUF2(6) + DEN4SS § EN4SS =1 § ENES = ENES - [BF2121 - BUF2(12)]

EN2DS = BUF(LOC+8) + BUF2(3) + 0.25 BUF2(11) - 0.75 BUF2(12) ]

-

L EN2DS = 1 >
'F

DEN2DS = (1 - EN2DS)/0.75 § BF2122 = BUF2(12) £ BUF2(12} = BUF2(12) - DEN2DS
BUF2(6) = BUF2(6) + DEN2DS § EN2DS =1 $ EN4SS = EN4SS + 0. 25[BF2122 ~ BUF2(12)]
ENES = ENES - [BF2122 - BUF2(12)]

o

Ys

OATOMS = BUF(LOC+9) + BUF2(4) - BUF2(11) - BUF2(12)

SR

Y

T OATOMS 21 >

s N

DOATMS = 1 - OATOMS $ BUF211 = BUF2(11) § BUF2(11) = BUF2(11) - DOATMS
BUF2(5) = BUF2(5) + DOATMS $ OATOMS =1 § EN4SS = EN4SS - 0.75[BUF211 - BUF2(11)]
EN2DS = EN2DS - 0.25(BUF211 - BUF211)] $§ ENES = ENES - [BUF211 - BUF2(11)]

3 A

T B

EN2S = BUF(LOC+10) + BUF2(5) 8 02S = BUF(LOC-+11) + BUF2(6)
ENOS = BUF(LOC+12) $ ENPS = BUF(LOC+13) « BUF2(7) $ OPS = BUF(LOC+14) + BUF2(8)
PRES = BUF(LOC+15) (Increased pressure from heavy-particle portion of debris deposition was added

S

in PHEAT.)
v

Let COy and He be destroyed by debris deposition in proportion to Ng destruction.

EN2RAT = EN2S/BUF(LOC+10) § CO20S = BUF(LOC+18) x EN2RAT
HES = BUF(LOC+22) X EN2RAT $§ AMOLPS = ENES - ENPS - OPs 3 AMOLPS = Max(1,AMOLPS)

(A

Fig. 22. Flow Chart of Subroutine PCHEM.
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Sum O and N nuclei for later use in mass-couservation check.

B et .
SUMOS = OATOMS + 2 © 023 + ENOS + OPS + AMOLPS
SUMNS = EN4SS + EN2DS + 2 x ENZS + ENOS + ENPS + AMOLPS

i = R T RN

Reset DMOLP1, DMOLP2, and DMOLP3 (to an arbitrary large number) and DAMOLP (to 0) to provide |
for possibility that a Case-2 cull follows either a Case-1 or a Case-3 cell. Definitions of 8 cases same
as in PHEAT.
Case 1: B-edge short of cell entry-point.
Case 2: B-edge beyond cell exit-point.
Case 3: B-edge within cell.
For Case-2 cell, bypass x-ray deposition; otherwise, start on Cases 1 and 3.
60 oy
@_——-—1.( IUFLAG - 1
—
Y
Start Group-X Deposition
Use Group-X absorbed specific energy DAIXX(erg/g) from PHEAT and density RHO(z/em3) to ret
Group-X energy density l)PIl.EJX(eV/cmS)‘ AlPXOp ‘em3) - 1on-paiur density. Distribute ions in pro-
portion to neutral species; SMNEUT = sum of neutral species. Limit 1on density to 1 per neutral.
DELEX = DAIXX » RHO/1.6E-12 $§ AIPX = DELEX/35
SMNEUT = EN2S + 025 + ENOS + EN4SS + EN2DS + OATOMS § AXDST = AIPX/SMNEUT
AXDST < 1 2 AXDST = 1
= —
o o LI ek
EN2PX = Max(0,AXDST x EN2S - 1) $ 02PX = Max(0,AXDST % O2S - 1) -
ENOPX = Max/(0,AXDST x ENOS - 1) $ EN4SPX = Max(0,AXDST x EN4SS - 1)
EN2DPX = Max(0, AXDST X EN2DS - 1) § OPX = Max(0,AXDST » OATOMS - 1)
Group-X final species after dissociative recombination. _1
=7 e

EN2X = Max(1, EN2S - EN2PX) § 02X = Max(1,02S - 02PX)
ENOX = Max(1, ENOS - ENOPX)

EN4SX = Max(1, EN4SS - EN4SPX + EN2PX + 0.25 ENOPX)
EN2DX = Max(1, EN2DS - EN2DPX + EN2PX « 0.75 ENOPX) $§ ENX = EN4SX + EN2DX
OATOMX = Max(1,0ATOMS - OPX + 2 ¥ O2PX + ENOPX § ENPX = ENPS + EN4SPX + EN2DPX
OPX = OPS + OPX § ENEX = ENPX + OPX + AMOLPS

i NG el

Sum O and N nuclei for mass-conservation check. Reduce COg and He in proportion to Ny decrease.

SUMOX = OATOMX + 2 ¥ O2X + ENOX + OPX + AMOLPS

SUMNX = EN4SX + EN2DX + 2 ¥ EN2X + ENOX + ENPX + AMOLPS

FRCOX = (SUMOX - SUMOS)/SUMOS § FRCNX = (SUMNX - SUMNS)/SUMNS
CO20X = CO208 < EN2X/EN2S $§ HEX = HES © EN2X/EN2S

Fig. 22. (Continued).




Y

S = e e —
Start Group-U Deposition for Cases 1 and 3

Compute attenuation factors [ FSIGU(J)] from products of Group-U fluences and cross sections. Distin-
guish between 1onizing (FSIG2I) and total [FEIGU(2)] factors for Og.  Compute probabiiity PROBSU(J) of
Species J surviving Group-U deposition; J = 1,2,3,4 for Ng, O3, N, O.

5
FSIGU(J) - 9, FLUX(L) = SIGU(L,J), J =1,4

)
FSIG2I = FSIGU(2) $ FSIGU(2) = FSIG2I + FLUX(1) x SIGU(1, 2)
PROBSU(J) - Pxpi.\‘l:lxﬂ!‘"b'l()l,'f.ﬂ,-70)1, J=1,4
PRBS2I = exp[Max(-FSIG21,-70)]

L]

=
Group-U initial Species after dissociative recombination; FS-73 treatment does not include N(2D) or NO
as absorbers; should revise simple treatment here.

EN2U = EN2X x PROBSU(1) § O2U = O2X ¥ PROBSU(2)
BZPU = 02X % (1 - PRBS2I) § FS3M1 = FSIGU(3) - FSIGU(1)

v

F | FSGM1| < 1.E-4

3

Y . dhe Lo iht }io_A_,,,,
[P&MII)F - [PROBSU(3) - PnonsU(l)L’Fsz:ﬂ l P3MIDF = - PROBSU(3)

L o §

41 TR T
FEP = FSIGU(1) ¥ EN2X x PSMIDF § ENU = ENX ¥ PROBSU(3) - FEP > 2
RATSDT = EN4SX ENX § EN4SU = ENU ¥ RATSDT § EN2DU = ENU x (1 « RATSDT)
FS4M2 = FSIGU(4) - FSIGU(2)

E | FS4M1| < 1.E-4 T
Y Y42
[ P4M2DF - [PROBSU(4) - PROBSU(2)}/ FS4M2 L P4M2DF = - PROBSU(4) ]

[ e |
a3{

OATOMU = OATOMX * PROBSU(4) - 2 x FSIGU(2) ¥ O2X »¥ PAM2DF

ENPU = ENPX + 2 # (EN2X ~ EN2U) + ENX - ENU

OPU = OPX + 2 * (02X - O2U) + OATOMX - OATOMU

ENOU = ENOX ¥ PROESU(1) $ DENO = ENOX % [1 - PROBSU(1)]

EN4SU = EN4SU + DENO € ENU = ENU + DENO § OATOMU = OATOMU + DENO

Fig. 22. (Continued).
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<)

Re-establish molecular ions DAMOLP produced and dissociatively recombined by Group-X and -U )
depositions so as to maximize ionization at early tunes. Re-establistunent of all moleculay wons as |
having NO* properties requires subtraction of NO'-dissociative-recombination products from appropri- |
ate species so as to conserve N and O nuclei. If EN4SF, EN2DF, or OATOMF negative, must reduce

DAMOLP so that none is negative.

|

|
S — ST, —— S e s -
F)AMOLP = EN2PX + O2PX + ENOPX + EN2X - EN2U ¢« O2PU + ENOX - ENOU l
EN4SF = EN4SU - 0.25 x DAMOLP § EN2DF = EN2DU - 0.75 % DAMOLP i

OATOMF = OATOMU - DAMOLP

— -

MPFLAG 0]
DMOLP1 = 4 = EN4SU F . v 2 \
MPFLAG - MPFLAG - 1 - <¥EM” Ll
I o
Yso0_ : —————
S NF J DMOLP2 = 4 » EN2DU/3
< EN2DF 20 > \IPFLAG = MPFIAG - 1
1}4 [m__,,,__] i)
DMOLP3 = OATOMU I F e
MPFLAG - MPFLAG -1 r Salgee ) STl i
e i L :_]T ,(—m.r.u)yp Min(DMOLP1,
| DMOLP2, DMOLKS
<__,,w_ e | EN4SF = Max(EN4SU - 0.25
MPFLAG -0 “>F )
P
. L SR OATOMF = Max(OATOMY

*~ DAMOLP,
[ ENEF = ENPU + OPU + AMOLPS + DAMOLP - DAMOLP, 1)

EN2DF = Max(EN2DU - 0.75

—

* DAMOLP,1)

{ Compute pressure increment and new pressure (needs revision). Compute temperature TEF comm 1 [
for electron kinetic energy, N2 vibration, and O('D)-to-O(°P) population ratio; use 2 eV per electron

for Group-X and -U contributions; heavy-particle contribution from BUF2. To insure heavy-particle
pressure always positive, add electron pressure to previous total pressure; note electron pressure

from debris deposition not included vet. |
DELP =0.0 $§ PRES = PRES + DELP

ET = 2[ENEF - BUF2(1)] + BUF2(1) » BUF2(9)
CALL TEXK(ET, EN2U,OATOMF, ENEF,0.,TES) $ TEF = TES
PRES = PRES + ENEF x TEF ~ BOLTZK

—_—e—————

Y

Check conservation of O and N nuclei. Let (‘02 and He be destroved in proportion to N2 destruction.

SUMOF = OATOMF + 2 x 02U + ENOU + OPU « AMOLPS + DAMOLP
SUMNF = ENASF + EN2DF + 2 ¥ EN2U +« ENOU + ENPU + AMOLPS « DAMOLP
FRCO = (SUMOS - SUMOF)/SUMOS § FRCN = (SUMNS - SUMNF)/SUMNS
CO20U = CO20X » PROBSU(1) $ HEU = HEX ¥ PROBSU(1)

Concludes combined treatment of Cases 1 and 3. To complete Case 1, go to 70. To ¢ nnplete Case 3,
determine cell properties by volume-weighting (wo portions inside and outside B-edje.

S . St

% i, N e
®< SRR, SRr(2)<SR  S>E.__ n)

Fig. 22. (Continued).




Case 3. B-Edgc Within Target Cell

SRN3 = (SRN)3 § SR3 = (SR)3 § SRR3 - [SRR(2)P § W1 - (SRR3-SR3) (SRN3 - SR3)
W2=1-W1 $ EN4SF = EN4SF X W2 + W1 § EN2DF - EN2DF x W2 + W1

GATOMF = OATOMF ~ W2 + W1 § EN2U = EN2U » W2 + W1 $ 02U = O2U» W2+ W1
ENOU = ENOU ¥ W2 + W1 $§ AMOLP - (ENEF - ENPU - OPU) x W2

ENPU = (EN4SS + EN2DS + 2 x EN2S + ENOS + ENPS + AMOLPS) X W1 + ENPU X W2
OPU = (OATOMS + 2 * 02S + ENOS + OPS + AMOLPS) » W1 + OPU » W2

ENEF = ENPU « OPU + AMOLP § CO20U = CO20U * W2 + W1

HEU = HEUX W2 + W1 $ ET = 1. 5(SUMOS + SUMNS) ¥ W1 + ET X W2

CALL TEXK(ET, EN2U,OATOMF, ENEF,0., TES) § TEF = TES

60

—_— — —- —_———— e —

Case 2. B-Edge Beyond Target Cell

PROBSU(1) = PROBSU(2) = PROBSU(3) - PROBSU(4) = 0. $ TEF = 11606.
ENA4SF = 1. $ 2DF = 1. $ OATOMF = 1. S BEN2U = 1. S ion=1;
ENOU = 1. $ ENPU=SUMNS S OPU=SUMOS § ENEF = ENPU + OPU
CO20U =1. § HEU-=1. $ PRES =2 x ENEF X TEF X 1.38E-16

FRCOX = FRCNX = FRCO = FRCN = (.

-

=
(;3

70
Store cell quantities in temporary storage BUF1 until loop over column of target cells |
is completed, after which entire colunin of cell quantities 1s transferred to scratch
storage in LCM.
BUFI1( 1) = TEF S  BUFI1( 2) = ENEF) $ BUFI( 3) = EN4SF
BUF1( 4) = EN2DF § BUFI( 5) = OATOMF 8§ BUFI1( 6) - EN2U
BUF1( 7) = O2U § BUFI( 8) = ENOU $ BUF1( 9) = ENPU
BUF1(10) = OPU § BUFI(11) = PRES $ BUFI1(12) = CO20U
BUF1(13) = HEU S BUF1(14) = FRCO $ BUFI1(15) = FRCN
BUF1(16) = FRCOX § BUF1(17) = FRCNX § BUFI1(1¥) = Max(1, ENEF - ENPU
- OPu)

'

( RETURN TO PROMPG )

Fig. 22. (Continued).
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As one of the mass conservation checks during development,
we have compared the sums of the O and N nuclei after the computation
of the species resulting from Group-X deposition with the sums before

the deposition.

If the target cell is a Case-2 cell as defined in Section 9.4 and
again below in Section 10. 3, no computation is made of species resulting

from Group-X deposition.

10.3 IONIZATION, SPECIES DENSITIES, AND RESULTANT
PRESSURE FROM GROUP-U DEPOSITION
In computing the species from Group-U deposition, we consider
three cases, just as we did in Subroutine PHEAT:

Case 1: B-edge radius (SRR(2)) is smaller than the target-cell entry
radius (SR).

Case 2: B-edge radius (SRR(2)) is greater than the target-cell exit
radius (SRN).

Case 3: B-edge radius (SRR(2)) is between the target-cell entry radius
(SR) and the exit radius (SRN).

The total attenuation factors (FSIGU(J)) are computed from the
summed products of Group-U fluences (FLUX(L), photons/cmz) and
cross sections (SIGU(L, J), cmz). (Recall that the Group-U fluences
computed in Subroutine PHEAT are effective fluences, consistent with
the absorbed energy computed as the difference of the (steradianal) en-

ergy entering and leaving the cell.) The attenuation factors are

5
FSIGU(J) = 9, FLUX(L) ¥ SIGU(L, J) , J=1,4
L=2
FSIG2I = FSIGU(2)




FSIGU(2) = FSIG2I + FLUX(1) x SIGU(1,2) ,

where SIGU(L, J) is the absorption cross-section of Species J for
Subgroup-L photons, tabulated in Table 4 and entered as data in Block
Data BLOCKH, and where we have distinguished between the ionizing

(FSIG2I) and total (FSIGU(2)) attenuation factors for 02’

The total survival probability of Species J is

PROBSU(J) = ot SIGU(J) )

The probability of O2 not being ionized is

PRBS2I = e [o1020

If the species densities after the Group-X deposition (but before
the Group-U deposition) are denoted by a subscript x, the initial species
after the Group-U deposition, with provision for instantaneous dissoci-

ative recombination of the molecular ions but without production of N(ZD),
are [FS-73]

[Nz]u = [N2]x>< PROBSU(1)

[ozlu = [021x>< PROBSU(2)

= 9 . PROBSU(1) - PROBSU(3)
[Nlu = [le>/ PROBSU(3) + 2: [Nzlx, FSIGU(1) % FSICU(3) — FSIGU)

[0], = [0] X PROBSU(4)+ 2% [0, ] x FSIGU(2) x EROBSU(2) - PROBSU()

FSIGU(4) - FSIGU(2)

N, = N+ 2Ny, - [Npl, + (N, - N,

(0], = 10") + 2{[0y ) - (05} [0 - [0}, -




Table 4. UV Absorption Cross-Sections SIGU(L, J)a
(in units of 10-18 cm2).

SIGU(L, J)
L=1 L=2 L=3 L=4 L=5
Species J 11.0eV 14.8 eV 16.2 eV  22.0 eV 36.0 eV
N2 1 0 8 20 25 20
02 2 2 16 20 25 20
N 3 0 10 10 10 10
O 4 0 3.2 3.2 9 9

A From Table A-1 of FS-73, in turn from DD-70b.

Since the Group-U deposition procedure does not provide for
either N(2D) or NO, as an interim measure we partition the N atoms be-

tween N(4S) and N(ZD) according to the prescription

N8yl = [N], INC)L /N

(N] 41 - NG /N

decrease the NO in proportion to the N2 decrease, and increase N and

=z
SV
L=
d,__l
I

O correspondingly:
[NOJ, = [NO]_» PROBSU(1)
6[NO] = [NO] {1 - PROBSU(1)

NCs)], > [NCs)] + 8[NO]
(], = [N, + [NO]

[0], = [0], + 6[NO] .
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To maximize the ionization at early time, as suggested by

W. Knapp, we re-establish the molecular ions produced and dissoci-
atively recombined by the Group-X and -U depositions (and allow the
molecular ion decay to be predicted by the later-time chemistry module).

The increment in such molecular ions is
= 6 * = ¥ I i -
DAMOLP M [Nz]X + [Oz]x + [NO ]x + [N2]x [Nzlu
+ . -
+0,], + [NO]_- [NO]_

where

[05], = [0,] (1 - PRBS2)

The re-establishment of all molecular ions as having the properties of
NO " requires subtraction of all the products of NO" dissociative recom-

bination from the appropriate species so as to conserve N and O nuclei:

8)); = [N(4S)]u - 0.25x 6M"

= [N(ZD)lu -0.25%8M"

=
=
I

[0 = [O], - oM"

However, if |_N(4S)l[, |,N(2D)]f, or [01f is negative, we must reduce 6M"

so that none of them is negative.

The final values for the species densities after Group-X and -U
depositions and re-establishment of the molecular ions are [N2]u‘ [Ozlu,
B 2 + .
[NO]u. [N( b)[[. [N( D)lf, [Olf, [N lu’ (O 111’ and |e]. the electron

density,

le] = [N+1u . [O+lu + OM" + M;
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where M; is the molecular-ion density prior to Group-X deposition.

There remains the task of devising a truly satisfactory pro-
cedure for computing a pressure increment in addition to that computed
in Subroutine PHEAT. The treatment in Subroutine PHEAT is incom-
plete because the Group-U subgroups are deposited independently of each
other across an appreciable path length without accounting for either

species depletion by other subgroups or additional absorbers resulting

from the (instantaneous) dissociative recombination that is included in
Subroutine PCHEM. (Note, however, that the partial heating computed
in Subroutine PHEAT does serve the purpose of defining effective flu-
ences for the Group-U subgroups that are used in Subroutine PCHEM.)
Any additional pressure increment computed in Subroutine PCHEM must
be consistent with (1) that computed in Subroutine PHEAT and with

(2) the return of pressure computed by the later-time chemistry in
CHEMEF. The problem is further complicated because the molecular
ions which are produced by the Group-X and -U depositions and which
undergo dissociative recombination as part of the modeling in Subroutine
PCHEM are N; and O; whereas the molecular ions that are re-
established are NO ' ions which are carried in CHEMEF. As an interim

measure we set the pressure increment DELP equal to zero.

To ensure that the heavy-particle pressure will alwavs be
7 positive, we have added the electron pressure (computed below) to the
previously-found value for the total pressure. This interim measure

needs to be reviewed and improved.

To compute the temperature TEF taken to be common to the
9 vibrational states, and the O(lD)-to-O(BP)
population ratio, we use the GET-prepared Subroutine TEXK " Vol. 117

thermal electrons, the N

which determines such a temperature when given ” I\'z’ sy L O],
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[e], and the energy per cubic centimeter (ET) to be divided among the

three modes. As an interim measure we compute ET from

ET - 2 0], +Olelyn ¥ B,

where Gte]x o 18 the incremental electron density produced by the

b
Group-X and -U depositions, the factor 2 is an interim assumption for
the energy in the three modes per newly-formed electron in the Group-X

and -U depositions, 0|e] is the incremental electron density produced

HP
by the heavy-particle depositions, and Epe is the sum of the electron
thermal and O(ID) excitation energies per newly-formed electron in the

heavy-particle deposition, obtained from Subroutine HPCHEM.

As another of the mass conservation checks during develop-
ment, we have compared the sums of the O and N nuclei after the com-
putation of the species resulting from Group-U deposition with the sums

before the deposition.

As with the Group-X deposition, we assume as an interim
measure that [COz] and [He| are reduced in proportion to the [NZ]

decrease.

The foregoing describes the combined treatment of target cells
that are Case 1 or Case 3. For Case 1, the treatment is complete, but
for Case 3, the final cell properties are determined by volume-weighting
the two portions, one of which is inside the B-edge and the other is out-
side the B-edge.

For Case 2, the entire cell is inside the B-edge and the only
an . - 2
remaining species are assumed to be N , O , and e. The temperature

of both electrons and heavy particles is taken to be 1 eV.
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The final step in Subroutine PCHEM is to store the cell quanti-
ties in temporary storage BUF1 until the loop over the entire column of
target cells is completed, after which the entire column of cell quantities

is transferred to scratch storage in large-core memory.

e . i

£
i
¢
.F‘
i
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